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Abstract 
In this research, the PhD candidate became involved in the development of gas 
sensors, plasmonic systems and field effect transistors (FETs) based on a liquid-phase 
exfoliation (LPE) method of two-dimensional (2D) molybdenum oxide nanoflakes. 
After a comprehensive literature review, it was identified that 2D molybdenum 
trioxide (MoO3) is one of the most suitable 2D transition metal oxides (TMOs) 
materials for the aforementioned applications. The electronic band structure of this 
material is highly tunable, making it apposite for a variety of electronic and optical 
applications. The layered structure α phase of this crystal (α-MoO3) and high surface 
to volume of 2D α-MoO3 can accommodate a high capacity of intercalated charges 
and enable adsorption of atoms and molecules at remarkable efficiencies.  
In the course of this research, the candidate developed a solvent-assisted grinding 
and sonication LPE method. This was found to be a high yield method for obtaining 
well-dispersed suspensions of 2D α-MoO3 nanoflakes.  
The candidate continued her PhD research by developing conductometric gas 
sensor films made of 2D MoO3 nanoflakes based on the grinding-assisted LPE 
technique, and used these sensors for hydrogen (H2) gas detection. The investigations 
concluded that the interaction of the 2D α-MoO3 nanoflakes sensitive films with H2 
gas results in forming oxygen vacancies and water molecules which are in turn 
forming sub-stoichiometric molybdenum oxides. It was found that the optimum 
response/recovery time was obtained for the devices made of 2D MoO3 nanoflakes on 
Si substrates with a ~50% response factor value towards 1% of H2 gas, at a response 
and recovery time of 7 s and 24 s, respectively. The study confirmed that the layered 
MoO3 nanostructure with high surface-to-volume ratio facilitated the H2 gas 
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interaction and the outcomes were better in comparison to many previous reports for 
H2 sensing based on other nanostructure morphologies of MoO3.  
In the next stage of this project, the PhD candidate demonstrated the emergence of 
highly controllable plasmon resonances in 2D molybdenum oxide flakes. When 
suspended 2D α-MoO3 nanoflakes were exposed to solar light irradiation, they split 
water, as a result the H+ ions were intercalated into the flakes generating oxygen 
deficiencies, which considerably increased free electron concentration in the 2D flakes 
and consequently plasmon resonance peaks were generated. The PhD candidate 
demonstrated that due to the effect of a large depolarization factor in 2D molybdenum 
oxide, the plasmon resonance peaks could be tuned within the visible range region, 
which could not be shown for any other 2D materials. Moreover, the biosensing 
capability of plasmonic 2D molybdenum oxide nanoflakes using bovine serum 
albumin (BSA) as a model protein was demonstrated.  
In the third stage of this research, in order to show the effect of liquid exfoliation of 
the 2D flakes and the light illumination parameters, the candidate synthesized 2D 
molybdenum oxide nanoflakes via the LPE method in five mixtures of water with 
different solvent types. The candidate showed that the surface energy and solubility of 
mixtures played important roles in changing the thicknesses, lateral dimensions, the 
synthetic yields of the nanoflakes and the intercalation level that governed the location 
of plasmon resonance peaks.  It was revealed that plasmonic peaks strongly depended 
on the free electron concentration, and the extinction coefficients of the plasmonic 
absorption bands of 2D molybdenum oxide nanoflakes in all samples were found to be 
very high in the order of 109 L.mol-1.cm-1 for both thickness and lateral dimension 
axes. Moreover, plasmonic biosensing experiments were conducted to reveal the 
efficient tuning of 2D plasmonic flakes in sensing biological components. 
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By using these outcomes drawn from the previous measurements and 
characterizations, plasmonic 2D flakes were also tested for plasmonic gas sensing. 
Highly sensitive optical H2 gas sensors based on quasi-metallic Mo4O11 films with 
plasmonic responses were developed. The studies showed that the highest response 
factor was 20% at 60 °C, and the shortest response/recovery time was at a temperature 
of 100 °C. Additionally, these results illustrated that the optical plasmonic sensors 
were functional at relatively low temperatures of < 100 °C. This was the first 
demonstration of using plasmonic properties of 2D materials for gas sensing.  
In the final stage of this PhD project, the candidate fabricated high-performance 
FETs made from thin film channels, based on the drop-casting of electronic inks. 
These inks were made of grinding-assisted LPE 2D molybdenum oxide nanoflakes 
with highly controllable sub-stoichiometric levels. By investigating the performance of 
these FETs as a function of sub-stoichiometric levels that were obtained under 
different solar irradiation durations, the candidate found that the device irradiated for 
30 min had the highest charge carrier mobility of ~600 cm2 V−1 s−1 with an IOn/IOff ratio 
of ~3.0105. Remarkably, this electron mobility value for the FET was significantly 
higher than the mobility of most of the previously reported thin film based transistors 
made from other 2D materials. In addition, this research revealed that by controlling 
and manipulating the oxygen deficiencies in 2D flakes, the carrier concentrations, 
electronic energy band edges, and carrier charge mobilities can be tuned.  
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Chapter 1  : Introduction and Literature Review 
1.1 Motivation  
Recent research on two-dimensional (2D) materials has led to new frontiers in the fields 
of electronics and optics [1, 2]. A large number of reports on 2D transition metal 
dichalcogenides (TMDs) have demonstrated the unique physical and chemical 
properties of these materials [3-5]. In comparison, there has been significantly less 
research into 2D transition metal oxides (TMOs) [6, 7]. Molybdenum trioxide (MoO3) 
is one of the TMOs that can be formed into thin layers with interesting electronic, 
optical and magnetic properties correlated to this 2D layered structure. Such 2D MoO3 
shows remarkable ion intercalation abilities and their high permittivity reduces the 
Coulomb scattering effect on free charge carriers for developing large gain field effect 
transistors (FETs) [8-10]. 
MoO3 is an n-type semiconductor with a relatively wide bandgap energy of ~3 eV 
[11]. As a low cost and chemically-stable compound, nanostructured MoO3 plays an 
important part in many industrial applications. This material has been integrated into a 
wide range of transducing platforms [12, 13], such as electrochromic [14], 
photochromic [15], surface acoustic wave (SAW) [16], phototransistive and Schottky 
diodes [17, 18]. In addition to hydrogen (H2) gas sensing, MoO3 has also been 
demonstrated to be highly sensitive towards various other gases such as NO, NO2, CO, 
and NH3 at elevated temperatures [19-21]. The most frequently observed crystal phases 
for MoO3, are the stable orthorhombic α-phase and the metastable monoclinic β-phase.  
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α-MoO3 is of particular interest, because of its high stability, unique layered 
structures, chemical and physical properties are different from its bulk counterpart [1, 
10]. The layers are made of single-layer thin units that have a thickness of ~0.7 nm and 
exist in double layers of linked distorted MoO6 octahedra [22]. In each double layer, 
MoO6 octahedra form corner sharing rows along the a-axis and edge-sharing zigzag 
rows along the c-axis. Lamellar formation occurs through linkage of adjacent layers 
along the b-axis by weak van der Waals’ forces, whilst interactions between atoms 
within the double-layers are dominated by strong covalent and ionic bonding. On the 
other hand, the MoO6 octahedra that form the β-MoO3 structure do not exist in zigzag 
rows along the c-axis and do not form the double layers of α-MoO3. There are no van 
der Waals’ forces, because adjacent MoO6 octahedra share corners in three dimensions 
to produce a monoclinic structure [6, 23].  As such, the only phase of interest in 
forming 2D MoO3 is orthorhombic α-MoO3 crystal structure with the crystal 
arrangement presented in Figure 1.1. 
 
Figure  1.1. The crystal structure of layered α-MoO3 (blue and orange spheres represent 
Mo and O atoms, respectively). 
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One of the advantages of using semiconductor 2D α-MoO3, is that its material 
properties can be effectively tuned within a wide range through different methodologies 
including; reducing dimensions, intercalation, and heterostructuring, due to its high 
anisotropy and unique crystal structure properties of 2D α-MoO3 [1, 22, 24]. Another 
advantage is that the intercalation process of ions (typically alkali metal ions such as 
Li+ and H+) occurs at high capacities and is relatively fast entering the interlayer 
spacing of 2D α-MoO3 crystal structure, which causes a significant increase of free 
electron concentrations [1, 22]. The intercalated H+ ions are mostly bonded to edge-
shared oxygen and terminal oxygen atoms, which form OH2 groups [22]. However, the 
OH2 groups are not stable in the presence of environmental perturbations (e.g. heat) and 
are eventually released from their original positions in the crystal lattice, leaving lone 
oxygen vacancies and subsequently forming sub-stoichiometric 2D molybdenum oxide 
[22]. In the context of this study, the term sub-stoichiometry is used to refer to the 
removal of oxygen [25]. 
The aforementioned properties have motivated the candidate to explore 2D α-MoO3 
for several targeted applications in this PhD research.  
First and foremost the candidate will develop an exfoliation method to obtain 2D α-
MoO3 of desired lateral dimensions and thicknesses. The method will be solvent-
assisted grinding and sonication liquid-phase exfoliation (LPE), which offers much 
higher yield of 2D α-MoO3 flakes than conventional mechanical exfoliation techniques 
[2, 26].  
The PhD candidate will then use the synthesized nanoflakes for H2 gas sensing. 
MoO3 is known to be a good H2 gas sensitive material, where increasing the surface to 
volume ratio of MoO3 by exfoliation is hypothesized to enhance its sensing properties.  
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Secondly, considering the possibility of ultra-doping of 2D α-MoO3 using H+ ions, 
the candidate will investigate the possibility of increasing the free carrier concentration 
to generate nanoplasmonics in the 2D flakes. It is hypothesized that these plasmon 
resonances peaks will appear in the near infrared (NIR) and visible spectrum regions, 
and can be tuned by facile H+ ions intercalation process. The candidate will use 
different exfoliation conditions to tune the plasmon resonances and then implement 
these 2D plasmonic materials for biological and gas sensing applications. 
In the last stage of this PhD research, the candidate will use suitable electronic 
properties of reduced 2D molybdenum oxide flakes to produce high performing FETs. 
The candidate will endeavor to explore the possibility of using electronic inks of this 
2D semiconductor material to devise a simple route to fabricate FETs and to introduce a 
new paradigm of a printable electronics.  
1.2 Objectives 
1.2.1 Methods of 2D MoO3 Synthesis 
Stratified α-MoO3 thin films can be prepared using different techniques such as pulse 
laser deposition [27], thermal evaporation [14], sputtering [28], sol-gel [29], spray 
pyrolysis [30], chemical vapor deposition [31], hydrothermal synthesis [32, 33] and 
electro-deposition [23]. To obtain thin planes of α-MoO3, an additional exfoliation step 
is needed to be carried out on the stratified crystal. In general, micro-mechanical and 
liquid exfoliation methods are the two most commonly adopted techniques for 
obtaining single- and few-layered materials [2, 6, 7]. However, the yield of thin α-
MoO3 sheets using mechanical exfoliation is relatively low, while LPE technique offers 
a much higher yield [2]. Most of the reports on LPE of α-MoO3 to date have focused on 
ionic intercalation processes, where the ions are intercalated into the interlayer gaps of 
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the material via controlled chemical reactions [1, 32]. As these interlayers are weakly 
bonded by the van der Waals’ forces, such intercalants can easily break the interlayer 
bonds resulting in suspended thin layers [34]. Thus, longer intercalation times, and 
possible structural impurities that can be embedded into the material, can be considered 
as the main drawbacks of the intercalation process [1]. Although the implementation of 
electrochemical intercalation techniques can overcome the longer intercalation 
duration, the embedding of structural impurities remains a problem [35].  
The other main LPE technique, which has increasingly attracted researchers’ 
attention in recent years, is a process that uses a combination of mechanical and 
ultrasonic forces. Coleman et al. recently demonstrated that some organic solutions are 
able to exfoliate and disperse 2D TMDs, due to the change in solubility parameters 
upon solvent mixing [36-38]. In this method, the three Hansen solubility parameters 
(HSP- dispersive, polar and hydrogen bonding solubility parameters) are used for 
designing the level of adaptation between the solvent and solute of the nanomaterials 
[36, 39-41].   
Furthermore, Yao et al. have recently reported that a mixed-solvent (e.g. 
ethanol/water) in appropriate ratios combined with organic solvent-assisted grinding 
and sonication, can be employed to exfoliate MoS2 [35]. During such processes, the 
layered materials are ground in the presence of selected organic solvents such as N-
Methyl-2-pyrrolidone and the resultant mixture undergoes sonication and centrifugation 
processes in ethanol/water. The supernatant containing single-layer thin flakes is 
collected and utilized in the production of large area thin films. The advantage of using 
such methods is that they are simple, and produce solutions of single-layer thin flakes 
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of TMDs on large scales [35]. Interestingly, such techniques have not yet been applied 
to α-MoO3. 
In this PhD research, solvent-assisted grinding and sonication LPE technique will be 
used for the exfoliation of MoO3 into 2D flakes. This method is hypothesized to be of a 
high yield and will be used for obtaining high quality of 2D MoO3 flakes which will be 
implemented in all different sections of this research project.    
1.2.2 Two Dimensional Molybdenum Oxide Nanoflakes: Application for H2 Gas 
Sensing 
In addition to many applications in chemical processes such as the industrial production 
of ammonia, H2 has an important role in solving future energy requirements. In 
manufacturing, transportation and household applications, it is advantageous to store 
and obtain energy from H2 gas [42]. H2 is an odourless, colourless and highly 
flammable gas which requires extreme caution during handling and usage, especially at 
elevated temperatures. In the presence of oxygen, having a low ignition energy, H2 of 
concentrations above 4% can undergo rapid deflagration [43]. As a result, H2 gas 
sensors with low operating temperatures and high sensitivity are required for 
monitoring this gas at low concentrations. Currently semiconducting metal oxide based 
devices are amongst the most reliable and durable choices for H2 gas sensing. 
Previous research has demonstrated that semiconducting metal oxide 
conductometric platforms for H2 gas sensing applications. The candidate incorporated 
metal oxides such as zinc, tin, molybdenum, tungsten and niobium oxides to show 
reliable and rapid H2 gas sensing [14, 42-46]. Amongst them molybdenum oxides can 
potentially offer new avenues as it can be synthesized into thin 2D morphologies that 
offers distinct advantages for sensing including large surface to volume ratios with 
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considerable active sites, rapid intercalation of H atoms, and a favourable electronic 
structure for interaction with H2 [14]. 
2D materials have considerable potential as systems for H2 gas sensing and storage. 
If the surface of the 2D material has an affinity to H2 gas, the gas molecules can either 
be physisorbed or dissociated to form H+ ions [22]. For the latter, the existence of 
quantum confinement in 2D facilitates the transport of electrons [47], which can 
potentially improve the system response and recovery kinetics [48]. In addition, the 
spacing between the layers provides an enhanced surface area environment with large 
reactive sites for interaction and storage of hydrogen atoms. 2D MoO3 can be especially 
useful for H2 gas interaction since the small H2 molecules can diffuse across the layers, 
spill over and readily intercalate into the layers [49, 50].  
In this PhD research, these unique properties of 2D MoO3 material will be used for 
developing H2 gas sensors. This 2D MoO3 material will also be fully assessed to 
explore the fundamentals of H2 gas interaction.   
1.2.2 Tunable Plasmon Resonances in Two Dimensional Molybdenum Oxide   
Nanoflakes 
Plasmons are the collective oscillations of valence electrons in conducting materials 
[51], which provide opportunities to create sensitive measurement tools and new 
technologies in optics, photo-thermal therapy, chemical sensing and biosensing [52-54].  
The electronic and optical properties seen in the selected 2D materials may lead to 
significantly altered plasmon dispersion relationships, which provide opportunities to 
create new optical systems.  
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Recent demonstrations of plasmon resonances in such 2D materials have shown 
several advantages over the conventional noble metal plasmonic systems [52, 55-59].  
High propagation loss is one of the major disadvantages in noble metals such as 
gold and silver (conventional plasmonic materials) due to their large Drude 
relaxation rates given by very large free carrier concentrations of ~1023 cm-3 [52]. 
However in plasmonic 2D molybdenum oxide system, the losses are lower than 
noble metals due to the fact that their carrier concentrations are in the range of 
~71020 to 51021 cm-3. This concentration range corresponds to the plasma 
frequency of ~5.41014 to 1.41015 Hz [52, 60]. Another major challenge faced 
by noble metals is that their plasmonic features cannot be significantly 
modulated as their free charge carrier concentrations are rather permanently 
locked [52, 61, 62]. 
Another major challenges also faced by such metals is that their plasmonic features 
cannot be significantly modulated as their free charge carrier concentrations are rather 
permanently locked [52, 61, 62]. In addition, noble metals are plagued with significant 
optical losses arising from their large Drude relaxation rates [52, 63]. This limits their 
implementation in most of the optical communication applications, in which long wave 
propagation is needed [52, 63].  
Graphene plasmonic material, which is considered a core member in the 2D 
plasmonic material family, can be a viable solution to address the aforementioned 
challenges due to the ability to modulate its plasmonic properties by chemical, 
electrochemical and electrical approaches [52, 56, 58].  
Due to such prospects, the field of plasmonics in 2D materials has recently gained 
increased attention, especially after the recent demonstrations of plasmon resonances in 
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graphene and topological insulators such as Bi2Te3 [58, 64, 65]. However, for graphene 
and Bi2Te3, such observations are generally limited to the far infrared (FIR) or longer 
wavelength regions, due to insufficient carrier densities and other intrinsic properties 
[64]. Obtaining plasmon resonances in the NIR and visible regions is an importance 
goal for the development of future sensing and plasmonic data processing units, as 
these wavelengths are commonly used in standard optical systems. 
In certain nanostructured semiconducting materials, it has been shown that plasmon 
resonances in the NIR and visible regions can be achieved by ultra-doping to generate 
an appreciable free carrier concentration [52, 66, 67]. The same strategy can potentially 
be implemented in selected 2D semiconductors materials. Another concern is the 
damping losses that should be kept low for applications such as optical 
communications, in which a long propagation of waves is necessary [52]. Reducing 
such damping losses requires that the product of the effective electron mass and the free 
charge mobility must be large in the 2D material. As a result, finding favorable 
materials that satisfy the aforementioned conditions are necessary for advancing the 
field of 2D plasmonic materials.  
2D MoO3 can be potentially a great plasmonic material that offers high degree of 
tunability. This material can be ultra-doped by H+ insertion between its layers to 
become semi-metallic. As such, the plasmon peaks can be brought into IR and visible 
range. In this PhD research, such fundamental property of 2D MoO3 will be used to 
create plasmon systems. Furthermore, the dimensional aspects of 2D nanoflakes will be 
explored to investigate their effect on the location of these peaks. As an application, this 
material will be used for biosensing. 
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1.2.3 Exfoliation Solvent Dependent Plasmon Resonances in Two Dimensional 
Sub-Stoichiometric Molybdenum Oxide Nanoflakes 
It has been shown that similarity in the surface energy and Hansen solubility parameters 
(HSP) of the solvent and the target material strongly affect the efficiency of the 
exfoliation [38, 68, 69]. As a result, the choice of exfoliation solvent can play an 
important role in directing the plasmonic properties of 2D molybdenum oxide 
nanoflakes. Moreover, different HSP and surface energy components can alter the 
lateral dimensions and thickness of the flakes as well as the exfoliation yield [41, 70], 
and hence can vary the plasmon dispersion relation [71-73].  
On the other hand, the change of solvent affects the water photo-oxidation process 
and potentially the degree of H+ ion intercalation in 2D molybdenum oxide nanoflakes 
upon solar light illumination.  
In mixtures of water and protic solvents, the oxidation reaction of the selected 
solvents competes [74] with the water oxidation reaction, causing a reduced degree of 
H+ intercalation and lower sub-stoichiometric levels in 2D molybdenum oxide 
nanoflakes. However, in mixtures of water and aprotic solvents, the oxidation reaction 
in selective solvents is relatively limited [75, 76], where the water oxidation reaction 
and sub-stoichiometric levels in 2D molybdenum oxide nanoflakes are in high degrees.  
This can generate higher free-electron concentrations and push the plasmonic 
resonance peak locations into the visible light region.  
In this research, the PhD candidate will investigate the tuning of plasmon resonances 
peaks for exfoliation of α-MoO3 in five different mixtures of water with aprotic and 
protic solvents. It is hypothesized that the change of solvents type can alter the 
exfoliation process, dimensions and stoichiometry of the exfoliated flakes. It is 
Chapter 1: Introduction and Literature Review  
11 
 
envisaged that the surface energy and solubility of mixtures will play important roles in 
changing the thickness, lateral dimension as well as the synthetic yield of the 
nanoflakes. Moreover, the PhD candidate will investigate whether the increase in 
proton intercalation in 2D nanoflakes, upon simulated solar light exposure, will result 
in alternating and tuning plasmonic properties or not.  
1.2.4 Sub-Stoichiometric Two-Dimensional Molybdenum Oxide Flakes: a 
Plasmonic Gas Sensing Platform 
It has been demonstrated that the field of plasmonic gas sensors is an important area for 
future research in optical devices, which can possibly lead to the development of 
sensors for various gas types including H2, CO and NO2 [77-82] with superior 
sensitivity and fast response and recovery kinetics [83].  
In this work, the PhD candidate will continue her investigations into creating quasi-
metallic nanoflakes for plasmonic gas sensing applications in which H2 is selected as a 
model gas. The novel 2D plasmonic sensing platform will be tested using different 
concentrations of H2 gas in various operating temperatures to comprehensively assess its 
sensing performance. 
1.2.5 High Performance Field Effect Transistors using Electronic Inks of Two- 
Dimensional Molybdenum Oxide Nanoflakes  
The emergence of 2D semiconductors has led to a range of unique physical properties 
that don’t exist in their bulk counterparts [1, 2, 84, 85]. In particular, the quantum well 
effect together with in-plane free charge transport are features that make the 2D 
semiconductors attractive as channel materials for FETs [1, 2, 85, 86]. 
Semiconducting members of the TMDs family is now form a widely studied 
category of 2D materials. For developing FETs, a typical representative is 2D 
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molybdenum disulphide (MoS2) with reported mobilities in the range of 10 to 
1,000 cm2 V−1 s−1 and as exfoliated carrier concentration of ~ 1019 cm-3 in a single layer 
[2, 87-89]. Other few-layered TMDs such as molybdenum diselenide (MoSe2; 
~1019 cm-3), tungsten disulphide (WS2; ~1016 cm-3) and tungsten diselenide (WSe2; 
~1018 cm-3) have charge mobilities that likewise reach a few hundred cm2 V−1 s−1 [87, 
90-92]. These numbers are still not competitive with reference to those of conventional 
silicon based devices [86, 93]. There are a few issues that currently affect the potentials 
of FETs based on TMDs. In order to develop high transconductance FETs in general, 
the drain and source electrode contacts should show the smallest barrier for the 
exchange of free carriers [94], and the free carrier concentration should be increased. 
Doping TMDs is known to produce enhanced carrier concentration of 6×1018, 2.5×1019 
and 1020 cm−3 for few-layer WS2, WSe2 and MoS2, respectively [94-96]. Such 
concentration can make the electrode contacts more ohmic. However, their mobility 
still remains subdued. The free carrier mobilities in TMDs are limited by the Coulomb 
scattering effect given TMDs small relative dielectric constants (κ) [10]. The mobility 
is even more degraded in highly doped TMDs [94-96].  
Semiconducting 2D TMOs have attracted less attention compared to 2D TMDs due 
to their generally wider band-gap energies and low carrier concentrations in their 
stoichiometric states [2]. However, selected TMOs have some remarkable properties 
that can benefit FETs such as a large κ, which reduces the Coulomb scattering effect, 
while providing the possibility to accommodate ionic dopants to manipulate the 
material’s electronic properties [10]. MoO3 is a chemically stable n-type semiconductor 
with a high dielectric constant [10, 97]. It is well known that the α-MoO3 crystal phase 
has a layered structure. Furthermore, its electronic bandgap can be manipulated by 
ionic intercalation processes (commonly hydrogen and alkali metal ions). In particular, 
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hydrogen ion (H+) intercalation has been well studied in α-MoO3 and allow to tune the 
material’s physicochemical properties, leading to intercalated MoO3 compounds and 
eventually sub-stoichiometric molybdenum oxides [1]. The family of MoO3-x normally 
includes molybdenum oxides with sub-stoichiometric levels (x) in the range of 
0 < x < 1. Most compounds of MoO3-x (0 < x ≤ 0.125) such as Mo9O26 and Mo8O23 show 
semiconducting behavior, while other phases with higher x (0.125 ≤ x < 1), such as 
Mo4O11, are quasi-metallic [98-103]. When x = 1, it forms a thermodynamically stable 
semiconducting compound (MoO2) of reduced bandgap [104, 105]. Single sub-
stoichiometric oxide flakes have been incorporated in 2D FETs [10]. Despite the fact 
that reduced molybdenum oxides demonstrate mobilities exceeding 1,000 cm2 V−1 s−1 
their IOn/IOff ratios are poor as there is still no report on the optimum oxygen vacancies 
required to obtain the most efficient FET operation [10].  
In addition to developing FETs using single 2D flakes, establishing high 
performance FETs using thin films based on 2D flake stacks is an important challenge 
[106]. Such films are generally made using so called “electronic ink”, which in our case 
are suspensions of 2D flakes that can be deposited onto substrates using a variety of 
techniques, including printing, drop-casting and templating [106-108]. Such films can 
be used in flexible electronics, touch screens, sensors, RFID tags, photovoltaic cells, 
and electronic textiles [85, 109, 110]. Some of the best reports on thin film based FETs 
that incorporate graphene flakes only reach mobilities near 100 cm2 V−1 s−1 with poor 
IOn/IOff ratios [109]. There are also recent reports on incorporating thin films of 2D WS2 
flakes [110]. However, although the reported mobilities are high, the IOn/IOff ratios were 
too low for establishing FETs. 
In this PhD research, the PhD candidate will produce electronic inks of 2D MoO3-x 
flakes and use them for developing channels for FETs with extraordinary abilities. The 
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PhD candidate will use solar light irradiation based on grinding-assisted LPE method to 
control the oxygen vacancies and free electron concentration of 2D MoO3-x flakes. 
Throughout the controlled manipulation of x, the PhD candidate will investigate 
whether the carrier concentration, energy band edge, and carrier charge mobility in 2D 
MoO3-x based FETs can be tuned.  
1.3 Thesis Organization 
This thesis presents detailed outcomes of investigating the electronic and optical 
properties of 2D α-MoO3 nanoflakes for the aforementioned applications. The proposed 
topics are investigated and presented in this PhD thesis, as follows:  
Chapter 1 is an overview of the PhD candidate’s motivation for being involved in 
the proposed research, as well as the objectives and organization of the thesis.  
Chapter 2 presents the investigation of the development of the LPE method for the 
exfoliation of MoO3 and creating drop-casted thin films of 2D α-MoO3 nanoflakes for 
H2 gas sensing. The complete characterization of structural and morphological 2D 
nanoflakes for this material is presented.  
Chapter 3 outlines the investigation of tunable plasmon resonances in 2D 
molybdenum oxide nanoflakes, which will be used for the development of future 
sensors and optical systems based on such nanostructures. The exposure of 2D 
plasmonic flakes to a model protein for biosensing is also presented in this chapter. 
Chapter 4 presents the investigation of the exfoliation solvent dependent plasmon 
resonances in 2D sub-stoichiometric molybdenum oxide nanoflakes. The PhD 
candidate synthesized 2D molybdenum oxide nanoflakes via grinding-assisted LPE 
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method in five mixtures, at fixed duration and power intensity exposure to solar light. 
The plasmonic biosensing performances are also investigated in this chapter. 
Chapter 5 presents the plasmonic 2D molybdenum oxide flakes for H2 gas sensing 
applications. The optical sensing performance of the sub-stoichiometric molybdenum 
oxide flakes at different operating temperatures and H2 gas concentrations are also 
presented in this chapter.  
Chapter 6 presents the investigation of FETs based on 2D channel thin films made of 
liquid phase exfoliated molybdenum oxide nanoflakes. The performances of the inks 
which are made in the presence of solar light at different durations are presented and 
are fully discussed in this chapter.  
Chapter 7 presents thesis conclusions, recommendations for future work and the 
PhD candidate’s achievements during this PhD project. 
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Chapter 2 : Two dimensional α-MoO3 nanoflakes 
obtained using solvent-assisted grinding and 
sonication method: application for H2 gas sensing 
 
2.1 Introduction  
In chapter 1, it was highlighted that the specific aim of chapter 2 is to present the work 
of the PhD candidate on incorporating two dimensional molybdenum oxide (2D α-
MoO3) nanoflakes for H2 gas sensing. In this study, the PhD candidate will develop the 
organic solvent-assisted grinding and sonication method of liquid exfoliation for bulk 
α-MoO3 crystals to obtain highly-dispersed suspensions of 2D α-MoO3 nanoflakes. 
These nanoflakes were then comprehensively characterized and utilized as sensitive 
layers for H2 gas interactions and sensing. 
The 2D α-MoO3 nanoflakes will be fully characterized and the outcomes will be 
discussed in this chapter. Conductometric transduction templates based on drop-casted 
thin films of these 2D α-MoO3 flakes will be developed for H2 gas sensing. It will be 
demonstrated that sensors will have large responses to H2 gas with response and 
recovery time in the order of seconds. The operation of these devices will be fully 
analyzed.  
The work presented in this chapter was published as an article in the journal of 
Sensors and Actuators B: Chemical [111] .  
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2.2 Experimental 
2.2.1 Fabrication of 2D MoO3 
1000 mg of the MoO3 powder (99.0% purity, from China Rare Metal Material Co.) was 
ground with 0.2 mL acetonitrile for different durations (0.5, 1, and 2 h). The powder 
was then dispersed in a 50 vol % ethanol/water mixture (15 mL), probe-sonicated for 
different durations (60 and 120 min), and then centrifuged at 6000 rpm for 30 min at 
room temperature (RT). The yellow/blue supernatant liquid, containing 2D MoO3, was 
collected. MoO3 samples were then prepared for characterization of their microstructure 
and properties. 
2.2.2 Structural Characterization of 2D MoO3 
The yellow/blue supernatant liquid, which contained MoO3 nanoflakes, was dropped 
onto copper grids (Cu) for transmission electron microscopy (TEM) and high resolution 
transmission electron microscopy (HRTEM), scanning electron microscopy (SEM) and 
atomic force microscopy (AFM) studies, as well as investigation using Raman 
spectroscopy and wide-angle X-ray diffraction (XRD). The SEM images were obtained 
using a FEI Nova NanoSEM, where TEM and HRTEM images were obtained using a 
JEOL TEM 2100 and Titan G2 FEI respectively. The AFM images were acquired using 
Digital Instruments D3100 Atomic Force Microscope. The XRD patterns were collected 
on a Bruker D4 Endeavor X-ray diffractometer fitted with a LYNX-EYE position 
sensitive detector, using graphite -monochromatic Cu Kα radiation (λ = 1.54178 Å) 
with  a scan range of 5 - 70 degrees 2θ  and a count rate of 1 s per step. The Raman 
spectra were obtained using a PerkinElmer Raman Station 400F. X-ray photoelectron 
spectroscopy (XPS) was performed using a Thermo Scientific K-alpha instrument with 
an Al Kα source. The absorbance spectra of the 2D nanoflakes were examined using a 
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spectrophotometric system consisting of a Micropack DH-2000 UV-vis-NIR light 
source and an Ocean Optics HR4000 spectrophotometer. 
2.2.3 2D MoO3 based Gas Sensors Fabrication  
In order to fabricate the H2 gas sensing devices, the collected supernatant was drop 
casted on Si and glass substrates with the dimensions of 10 × 10 mm2 and dried at RT. 
Subsequently these substrates were heated at 150 °C for 30 min and kept at RT to 
allow water and ethanol residues to evaporate, forming rigid films. The MoO3 
nanostructured films were then DC-sputtered with a ~1 nm thick Au/Pd layer, which 
acted as a bimetallic catalytic thin layer in order to allow the sensors to operate at low 
temperatures. The palladium also acted as a physical barrier to gold, which otherwise 
would attempt to agglomerate into large islands, and produced a very thin 
homogeneous catalytic layer, that was an important prerequisite for high performance 
catalytic gas sensors [112-114]. 
2.3 Results and Discussion 
The supernatant containing 2D MoO3 nanoflakes, and the UV-visible absorption 
spectrum are shown in Figure 2.1. The suspension has a light yellow/blue color, 
corresponding to the shoulder of a broad absorbance peak that appears between 350 and 
450 nm. A series of characterization techniques were employed to assess the crystal 
phase, dimensions and stoichiometry of the synthesized low dimensional flakes.   
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Figure  2.1. UV-visible absorption spectrum of the exfoliated 2D MoO3 nanoflakes 
suspension obtained using the combined grinding and sonication method. Inset is the 
optical image of the suspension with light yellow/blue color appearance. 
 
2.3.1 2D MoO3 Nanostructures Characterizations 
The XRD patterns of the annealed MoO3 nanoflakes deposited on Si and glass 
substrates after annealing at 150 °C are shown in Figure 2.2a,b, respectively. The peaks 
are indexed to orthorhombic (α-MoO3) crystal structure with lattice parameters of a = 
3.697 Å, b = 13.858 Å, c = 3.962 Å (the international center for diffraction data (ICDD) 
No: 35-0609). The most intense diffraction peaks occur at 12.8, 25.7, 39.0 and 67.4° 2θ, 
which correspond to the (0 2 0), (0 4 0), (0 6 0), and (0 10 0) planes of α-MoO3 
respectively [14]. The most intense peaks in α-MoO3 films occur at 23.34° 2θ (100%; 
(1 1 0)) and 27.34° 2θ (77%; (0 2 1)), and therefore the enhanced relative intensity of 
the (0 2 0), (0 4 0), and (0 6 0) peaks provides persuasive evidence for preferred 
orientation along these planes and for the conclusion that the exfoliated flakes are made 
of parallel planes and that they held a lamellar structure. Interestingly, a very small 
amount of hydrated monoclinic MoO3 (ICDD No: 72-1051) is also observed in the 
films. This presence of hydrated crystal forms is expected since the synthesis is 
conducted in an aqueous medium [14]. 
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Figure  2.2. (a) XRD pattern of MoO3 nanoflakes drop casted on Si after annealing at 
150 °C. Orthorhombic MoO3 (ICDD No: 35-0609) is annotated by planes of α-MoO3, 
while Si substrate is annotated by red squares. (b) XRD pattern of MoO3 nanoflakes 
drop casted on glass also after annealing at 150 °C. Orthorhombic MoO3 (ICDD No: 
35-0609) is annotated by planes of α-MoO3. For Figure 2.2 (a) and (b), a very small 
amount of monoclinic hydrated MoO3 (ICDD No: 72-1051) can be observed and is 
annotated using black circles.  
 
The dimensions and morphologies of the as-synthesized MoO3 nanostructures were 
examined using TEM. The TEM image in Figure 2.3a shows that the α-MoO3 
nanostructure mainly consists of nanoflakes with various lateral dimensions ranging 
from (~5 to ~85) nm. The HRTEM was also acquired to assess the 2D nature and lattice 
arrangement of α-MoO3 flakes. Figure 2.3b shows an example of a 2D flake made of 
multi-layers and Figure 2.3c demonstrates two sets of parallel fringes with a spacing of 
0.39 nm (same as the bulk counterpart), which correspond to the (1 0 0) plane [115] 
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Figure  2.3. (a) An representative TEM image of double-layer (~1.4 nm thickness) thin 
2D α-MoO3 flakes. (b) An representative HRTEM image showing the layered nature of 
the flakes and (c) the corresponding distance between lattices fringes.  
 
The thicknesses of the as-synthesized α-MoO3 double-layer (~1.4 nm thickness) thin 
flakes were measured using AFM under tapping mode scans. An example AFM image 
of the surface morphology of a 2D α-MoO3 flake placed onto an optically polished 
silicon substrate is shown in Figure 2.4. Interestingly although the fundamental 
thickness of each layer is ~0.7 nm, α-MoO3 flakes with ~1.4 nm thickness, which is 
equal to the fundamental number of the unit cell parameters b = 13.858 Å, are 
frequently observed (Figure 2.4) [14, 116]. This observation is in agreement with the 
thicknesses of the steps that were obtained by Kalantar-zadeh et al. [6]. They also found 
out that the crystal only favors breaks at the boundary of these two double layers repeat 
units, while requiring the existence of at least one non-repeat unit. 
 
Figure  2.4. The representative AFM image of a 2D α-MoO3 flake with the thickness of 
1.4 nm that can be identified as double-layer. 
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The SEM images of the surface morphology of the α-MoO3 nanostructures deposited 
on a Si substrate before and after annealing at 150 °C are shown in Figures 2.5a,b, 
respectively (the SEM images of films on glass substrates are not demonstrated for 
brevity). Figure 2.5a reveals that α-MoO3 film is made of flakes of lateral dimensions in 
two different group ranges; one in the order of ~350 nm and the other in the order of 
~40 nm.  In addition, many ‘belt’ shape flakes with length in the order of <100 nm are 
also seen. The flakes completely cover the surface of the substrate. Figure 2.5b reveals 
that the α-MoO3 film morphology slightly altered after annealing. It seems that the α-
MoO3 nanoflakes merge to some extent after being exposed to the elevated 
temperature. Similar morphology is also observed for the α-MoO3 nanoflakes deposited 
onto the glass substrates. From AFM and cross sectional SEM images the thickness of 
the films is always found to be less than 100 nm, comprising of multiple layers of 
flakes laid on top of each other.  
 
Figure  2.5. SEM images of α-MoO3 nanoflakes drop casted on Si substrate: (a) before 
and (b) after annealing at 150 C.  
 
The XPS analysis was conducted to reveal the stoichiometry of the α-MoO3 film 
after annealing at 150 °C and its corresponding pattern is shown in Figure 2.6. The 
doublets of 236.08 and 232.98 eV are attributed to the binding energies of the 3d3 and 
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3d5 orbital electrons of Mo6+, respectively. The integral areas between the two doublets 
are 2:3 in ratio and the energy gap between them is 3.1 eV, which is in agreement with 
the stoichiometric α-MoO3 films reported by Hu et al. [117-119].  
 
Figure  2.6. The XPS pattern of the α-MoO3 film after annealing at 150 °C. 
 
The Raman spectra of both MoO3/Si and MoO3/glass samples at 150 °C are 
presented in Figure 2.7. The broad diffraction peaks centered at 244, 354, 434, 482, 674 
and 836 cm-1 occur for both films. In addition, it can be seen that the broad peaks 
centered at 964 and 982 cm-1 occur for glass and Si films, respectively. The peaks at 
244, 354, 434, 674, 836 and 964 cm-1 (982 cm-1 for the MoO3/Si sample) can all be 
attributed to the slightly hydrated nature of the α-MoO3 film for both samples [117, 
120-122]. The peaks at 964/982 cm-1 are assigned to the terminal oxygen (Mo6+=O) 
stretching mode which is resulted from an unshared oxygen atom of hydrated MoO3. 
The 674 and 836 cm-1 peaks represent the doubly coordinated oxygen (Mo2–O) 
stretching mode, which is resulted from corner-sharing oxygen atoms common to two 
octahedral in hydrated MoO3.  
In addition, Raman peaks at lower wavenumbers of 244, 354 and 434 cm-1 are due to 
the deformation and lattice modes of the (Mo-OH) bond [123-125].  
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However, the appearance of the Raman peak at 482 cm-1 signifies the existence of α-
MoO3, where the peak is assigned to the triply coordinated oxygen (Mo3–O) stretching 
mode that results from edge-shared oxygen atoms in common to three octahedral in α-
MoO3. Moreover, the weak peak appearing at 288 cm-1, is assigned to the deformation 
mode of α-MoO3, and also confirms the existence of α-MoO3 [6, 22, 126].  
These observations are therefore consistent with the XRD results (Figure 2.2). It is 
believed that hydration of the MoO3 films occurs during the liquid phase exfoliation 
process [1]. 
 
Figure  2.7. The Raman spectra of the MoO3/Si and MoO3/glass samples after 
annealing at 150 °C. Glass substrate peak is annotated by the black circle and Si 
substrate peaks are annotated by red circles. 
 
2.3.2 Gas Sensing Results 
As described in the Experimental section, two different types of sensors were 
developed: one on Si and the other on glass substrates. The H2 gas response 
measurements of the devices were performed in a customized gas testing chamber with 
an integrated temperature control module. A schematic of the MoO3/Si and MoO3/glass 
sensors are presented in Figure 2.8. A schematic diagram of the measurement set-up is 
also presented in Figure 2.9.  
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Figure  2.8. Cross sectional schematic diagram of MoO3/Si or MoO3/glass sensors. 
 
 
Figure  2.9. Set-up of the multi-channel gas sensing measurement system. 
 
Gas response measurements were performed in a LINKAM customized gas testing 
chamber with integrated temperature control module (set up presented in Figure 2.9). 
MoO3/Si and MoO3/glass sensors were placed in the chamber and both contact pads 
were connected via needle probes with a fixed distance for all the measurements. The 
operating temperatures of the sensors were controlled using a computerized system. 
The resistance of the MoO3 film for sensors was measured using a digital multimeter 
(Keithley 2001). A mass flow controlled gas calibration system was used for mixing a 
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dry synthetic air (R.H.<5%) and 1% H2 gas balanced in synthetic air, at different 
concentrations, and purging them into the chamber at a regulated gas flow of 200 sccm. 
The mass flow controller model is (MKS 1479) and the regulated flow rate can 
reach the maximum of 200 SCCM. During the testing, the operating temperatures of 
the devices were altered in the range of 50–350 °C. The dynamic responses of the films 
were also obtained as a change in the resistance magnitude while exposed to synthetic 
air with a H2 balance concentration in the range of 0.06–1%. The measurements were 
conducted for different concentrations of H2, in zero air (< 5% humidity) background 
gas, and in between the responses zero air was pumped through the sensing chamber.  
The deterioration of sensing properties by water vapors in real-atmospheres 
may cause obstacles for the reliability metal oxide semiconductors (MOS) [127]. 
However, if noble metal catalysts were used with metal oxide semiconductors 
sensors, then high humidity-dependent problem could be effectively resolved in 
various real-world sensor applications. For example, Rh/WO3 sensor exhibited 
high gas sensing performance such as fast response, high selectivity, good 
linearity and high stability than pure WO3 sensor [127]. In this research, a catalytic 
layer (Au/Pd ~1 nm) was deposited onto the surface of the thin films to enhance the 
breakdown of H2 gas on the flakes. The H2 gas reaction can be explained using the 
“hydrogen spill-over effect” [128]. The Au/Pd layer assists the dissociation of H2 
molecules into electrons and H+ ions [22, 129, 130], which can be described by the 
following equation (2.1) and as demonstrated Figure 2.10a: 
													Hଶ → 2Hା ൅ 2eି  (2.1)   
These H+ ions are then transferred to the MoO3 layer underneath. The absorbed H+ 
ions mainly interact with the lattice corner-sharing oxygen atoms of the first monolayer 
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of MoO3, forming theoretical OH2 groups and HxMoO3 structures [22]. The remaining 
H+ ions are transferred into deeper layers of MoO3 and the same interaction is repeated. 
At elevated operating temperatures, H2O molecules are eventually formed and released 
from their original positions, leaving lone oxygen vacancies, and resulting in the 
formation of MoO3-x as described by the following reactions equations (2.2) and (2.3) 
also as demonstrated in Figure 2.10b: 
  		MoO3 ൅ ݔH൅ ൅ ݔeെ ⇋ HݔMoO3   (2.2)
      2H௫MoOଷ ⇋ ݔHଶO ൅ 2MoOଷି௫/ଶ   (2.3) 
when the film is exposed to air (which contains oxygen), the reduced film surface 
reverts back to its original fully oxidized state, which is described by the following 
reaction equation (2.4) and as demonstrated in Figure 2.10c: 
 ሺx 4⁄ ሻOଶ ൅ MoOଷି௫/ଶ ⇋ MoOଷ  (2.4) 
 
 
Figure  2.10. Proposed reaction model for 2D MoO3 film when exposed to (a), (b) H2 
gas and (c) synthetic air. 
 
The electrical resistance of the annealed MoO3 nanosheets deposited on Si (defined 
as “MoO3/Si”) and glass substrates (defined as”MoO3/glass”) were measured at a 
temperature range between 50 and 350 C. At room-temperature, sensing H2 gas is not 
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feasible for 2D α-MoO3 flakes as there is no response observed. Moreover, the 
resistance of the MoO3/glass sensor at low temperatures (below 50 C) was beyond the 
measurable limit of the multimeter, whereas the resistance for MoO3/Si sensor at this 
temperature range was unstable. Additionally, at temperatures above 350 C, the 
baselines of both sensors were highly unstable. The response factors (RF) in percentage 
and sensor response (SR) of the sensors are defined as: 
																							ܴܨ ൌ ൬R୥ୟୱ		–	Rୟ୧୰Rୟ୧୰ ൰ ൈ 100% and ܴܵ ൌ ሺ
ܴ௔௜௥
ܴ௚௔௦ ሻ  (2.5) 
 
where Rgas and Rair in equation (2.5) denote the resistances of the sensor in the presence 
of H2 gas and zero air, respectively. The response and recovery time of the sensors are 
defined as the duration needed for the device to undergo a resistance change from 10% 
to 90% and from the no exposure to the fully exposed condition [131]. 
 
Figure 2.11 presents the initial resistance (baseline value) of the sensors as a 
function of temperature. It can be seen that the resistance decreases when the operating 
temperature increases, due to the thermo-ionic effect. It is also noticed that the initial 
resistance of MoO3/glass is higher than that of MoO3/Si. This can be ascribed to the 
selection of the substrate materials since glass is an isolating material and the Si 
substrate used here is an n-type semiconductor with the resistivity of 5×103 Ω m.  
The n-type Si substrate has excess electrons that could be injected through to the 
MoO3 (electron concentration for Si is ~9×1021 m-3 while for MoO3 is less than ~9×1014 
m-3) [10]. The injection of electrons increases the conductivity of the MoO3 by three 
orders of magnitude. These excess electrons form MoO3/Si Schottky (n/n) contact [9, 
132].  
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This contact stops the electrons, which are injected into layer MoO3, from entering 
Si substrate. This means that any changes in the conductivity of the MoO3 sensor are 
isolated from the Si substrate. 
 
Figure  2.11. The baseline resistances of the MoO3/Si and MoO3/glass sensors at 
different temperatures. 
 
The actual sensor resistance values and the response for H2 gas sensing performance 
of MoO3/Si at four operating temperatures of 50, 150, 200 and 300 C are shown in 
Figure 2.12a. In addition, the actual sensor resistance values and the response for H2 
gas of MoO3/glass at 200 and 300 C are shown in Figure 2.12b.  
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Figure  2.12. The actual resistance changes of (a) the MoO3/Si and (b) the MoO3/glass 
sensors in response to 1% of H2 gas in dry synthetic air with respect to time at different 
temperatures. 
 
The response factors for both sensors as a function of time at different temperatures 
are presented in Figure 2.13.  
 
Figure  2.13. The response factors of (a) the MoO3/Si and (b) the MoO3/glass sensors in 
response to 1% of H2 gas in dry synthetic air with respect to time at different 
temperatures. 
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For comparison, the response factor parameter (as defined by equations (2.5)) is 
shown in Figure 2.13 as a function of the operation temperature for both MoO3/Si and 
MoO3/glass sensors, when exposed to 1% H2 gas. The response factor absolute value 
and the sensor response of the MoO3/Si sensor decrease as temperature increases which 
starts at a maximum value of ~89% (SR= ~9) at 50 C and reaches its minimum value 
of ~6% (SR= ~1) at 300 C. The absolute value of the response factor of the 
MoO3/glass sensor is smaller than that of the MoO3/Si sensor, starting at a maximum 
value of ~58% (SR= ~2.3) at 200 C and reaching a minimum value of ~15% (SR= 
~1.2) at 300 C. Despite having absolute larger values for their responses at 
temperatures below 150 C, the sensors do not show repeatability and return to the 
initial baseline at these operating temperatures. It can be seen that the dynamic 
responses of both sensors are only repeatable at temperatures >200 C. 
 The data in Tables 2.1 and 2.2 are extracted from Figure 2.12, which summarize the 
response and recovery time of MoO3/Si and MoO3/glass, respectively.  
 
Table 2.1. Summary of the response and recovery time of the MoO3/Si sensor towards 
1% H2 gas in synthetic air. 
 
Operating temperature 
(C ) 
Response time 
( s ) 
Recovery time 
( s ) 
50 30 N/A 
150 18 130 
200 7 24 
300 10 25 
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Table 2.2. Summary of the response and recovery time of the MoO3/glass sensor 
towards 1% H2 gas in synthetic air.  
 
Operating temperature 
(C ) 
Response time 
( s ) 
Recovery time 
( s ) 
200 12 70 
300 80 220 
 
 
As mentioned, for temperatures below 150 C the sensors never recover. This may be 
associated with the formation of H2O molecules on the MoO3 surface at such 
temperatures. When exposed to zero air, the O atoms, which are generated by the 
dissociation of O2 on the Au/Pd layer, are transferred to the MoO3 surface and then into 
the deeper layers to recombine with the oxygen vacancies. However, the accumulation 
of water on the MoO3 surface may reduce the available surface sites for the dissociation 
of O2. Alternatively, the interlayer diffusion rate of O atoms into MoO3 is much slower 
than that of H+ ions, which could also be a contributing factor to the slow air recovery 
process at temperatures equal or less than 150 C.  
The XRD patterns of both MoO3/Si and MoO3/glass sensors before and after the 
operation at 200 and 300 °C are presented in Figure 2.14. They both show that the 
hydrated oxides exist up to the temperature of 300 °C. A definite trend between the 
annealing temperatures of both sensors and the ratio of hydrated MoO3 is also apparent 
as in Table 2.3.  
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Figure  2.14. (a) XRD pattern of MoO3/Si sensor before and after it is used and 
operated at 200 and 300 °C. Orthorhombic MoO3 (ICDD No: 35-0609) is annotated by 
planes of α-MoO3, while Si substrate is annotated using a red square. (b) XRD pattern 
of MoO3/glass sensor before and after it is used and operated at 200 and 300 °C. 
Similarly orthorhombic MoO3 (ICDD No: 35-0609) is annotated by planes of α-MoO3. 
In (a) and (b), monoclinic hydrated MoO3 (ICDD No: 72-1051) can also be observed 
and is annotated using black circles.  
 
For MoO3/Si sensors, the ratio of “hydrated MoO3”:“non-hydrated MoO3” increases 
from 0.5:0.5, before its operation, to 0.75:0.25 at 200 C, and decrease back to 0.5:0.5 
at 300 C. However, for MoO3/glass sensors the ratio increases from 0.4:0.6 before its 
operation, to 0.6:0.4 at 200 C, and to 0.75:0.25 at 300 C operation temperatures, 
respectively, which prove the emergence of hydrated MoO3. As a conclusion and as 
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suggested in the discussion of the main paper, the hydrogen gas interacts with the 
surface of both sensors, forming H2O molecules within MoO3 layers. 
 
Table 2.3. Approximate ratios of hydrated and non-hydrated MoO3 on both silicon and 
glass based sensors before and after annealing at 200 and 300C, established through 
the application of ‘Search & Match’ procedures of Bruker EVA Software package. 
 
The optimum operating temperature for the sensor response towards 1% H2 is found 
to be 200 C for the MoO3/Si sensor, where it exhibits a short and stable response and 
recovery time at the said temperature. This can be ascribed to the equilibrium between 
the evaporation of the accumulated surface H2O molecules and the dissociation of the 
O2 and H2 which is established within a short duration at such temperature. However, 
for the MoO3/glass sensor the aforementioned equilibrium is never reached. As can be 
seen in Tables 2.1 and 2.2, the shortest response and recovery time are obtained at the 
optimum operating temperature of 200 ºC for both sensors: 7 and 24 s for the MoO3/Si 
sensor, and 12 and 70 s for the MoO3/glass sensor, respectively. 
 
Sensor 
Temperature 
(C ) 
Substrate 
MoO3.2H2O 
(72-1051) 
MoO3 
(35-0609) 
Total of 
hydrated oxide 
(to nearest 
0.05) 
Total of 
non-hydrated 
oxide 
(to nearest 0.05) 
Total 
Before Si 0.50 0.50 0.50 0.50 1.00 
After at 200 Si 0.74 0.26 0.75 0.25 1.00 
After at 300 Si 0.49 0.51 0.50 0.50 1.00 
Before Glass 0.37 0.63 0.40 0.60 1.00 
After at 200 Glass 0.57 0.43 0.60 0.40 1.00 
After at 300 Glass 0.74 0.26 0.75 0.25 1.00 
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Figure 2.15 shows the dynamic response of the MoO3/Si sensor towards different 
concentrations of H2 gas (0.06 to 1%) at the defined optimum operating temperature of 
200 C. The response and recovery time for the MoO3/Si sensor to different H2 gas 
concentrations were similar to the 1% H2 case: 7 and 24 s for response and recovery, 
respectively. The absolute value of the H2 gas response factor reached ~10% at 0.06% 
and when H2 gas concentration increased to 0.25%, the response factor absolute value 
reached ~23%. The largest response was ~50% at 1.0% of H2 gas. 
 
Figure  2.15. Dynamic response of the MoO3/Si sensor for different H2 concentrations 
in dry synthetic air at 200 °C. 
 
Both sensors described here show shorter response/recovery time, at lower operating 
temperatures, in comparison to other α-MoO3 based sensors reported previously. 
Rahman et al. demonstrated a response factor of 5% towards 0.06% H2 gas which is 
half of that demonstrated in this work [14]. Additionally, the sensors in this the work 
showed better performance in comparison to other reported MoO3 based 
conductormetric sensors or binary compounds incorporating MoO3 such as V2O5-MoO3 
thin films. Imawan et. al. reported senor response time in the order of 10s of seconds 
for conductometric MoO3 sensors [20]. The V2O5-MoO3 H2 gas sensors developed by 
Imawan et al. demonstrated almost no response to low concentrations of H2 gas [12].  
In another report by Chang et al. the response and recovery time for (MoO3)1−x(V2O5)x 
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compounds was in the order of minutes [133]. In addition, 2D α-MoO3 flakes sensors 
show better H2 gas sensing performance compared with other 2D materials [134]. For 
example under the exposure of similar H2 concentration, graphene / ZnO quantum dot 
and 2D MoS2-Pd nanocomposites exhibit response time of 30 and 40 s, respectively, 
while the response time for 2D MoO3 sensor is only 7 s [135]. 
The enhanced performance of H2 gas sensors is attributed to the stacked layered 
formation of the gas sensitive films. After drop-casting, the flakes of double-layer of α-
MoO3 are placed randomly on top of each other, many with small tilt angles in 
reference to the substrate (Figure 2.5). As a result of the large standard crystal van der 
Waals’ spacing between the flakes in comparison to other reports on α-MoO3 H2 gas 
sensitive films, more efficient penetration of gas molecules and formation of atomic 
entities would take place, and hence larger and faster response is obtained. 
2.4 Summary 
In this chapter, the PhD candidate presented her investigations on 2D nanoflakes of α-
MoO3 in aqueous solution using the high-yield grinding and sonication-assisted 
exfoliation technique. Sonication resulted in the exfoliation of the layered crystals into 
double-layer nanoflakes, as thin as ~1.4 nm, which were then stabilized after the 
interaction with the solvent. The nanoflakes were highly crystalline across the planes as 
evidenced by HRTEM. Subsequently, these α-MoO3 nanoflakes were incorporated to 
fabricate H2 gas sensors. The gas response and response/recovery time of 2D α-MoO3 
flakes, placed onto Si and glass substrates, towards different concentrations of H2 gas in 
synthetic air were investigated. The optimum operating temperature was found to be 
200 °C for both sensors. Optimum response/recovery time was obtained for the device 
on Si substrates with a ~50% response factor value towards 1% of H2 gas, at response 
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and recovery time of 7 and 24 s, respectively. Benchmarking the performance of these 
sensors against those in previous reports shows the superiority of the developed 
sensitive α-MoO3 layer. The PhD candidate attributed this superior performance to the 
layered structure of the films with enhanced spacing between the 2D flakes, allowing 
efficient penetration and intercalation of H2 gas molecules. These results suggest that α-
MoO3 thin films made of exfoliated 2D nanoflakes, formed via grinding-assisted liquid-
phase method, are excellent materials for establishing H2 gas sensors.  
In the next chapter, the PhD candidate will investigate tunable plasmon resonances 
in 2D molybdenum oxide nanoflakes. The focus of the work will be on studying the 
effect of solar light irradiation on the aqueous suspension 2D molybdenum oxide 
nanoflakes to generate plasmon resonances. 
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Chapter 3 : Tunable Plasmon Resonances in Two 
Dimensional Molybdenum Oxide Nanoflakes 
 
3.1 Introduction  
In this Chapter, the PhD candidate will present the creation of tunable plasmon 
resonances in two dimensional (2D) molybdenum oxide nanoflakes. Then, she will then 
use this plasmonic system for the development of biosensors.  
In suspended 2D molybdenum oxide flakes, the configuration generates a large 
depolarization factor and this together with the possibility of ultra-doping enable the 
realization of visible light plasmon resonances. Ultra-doping process is conducted by 
exposing the semiconducting 2D MoO3 flakes to simulated sun. It will be shown that 
these flakes will be consequently transformed into metallic 2D molybdenum oxide, 
which meets the plasmon resonances generation conditions. The PhD candidate will 
demonstrate the generated plasmon resonances that can be tuned by controlling the 
doping levels, lateral dimensions of the flakes as well as the exposure to a model 
protein.  
The impact of these 2D metal oxides can be extended into the plasmonic realm, and, 
in fact, plasmon resonances in the one-dimensional (1D) morphologies of these 2D 
oxides have recently been demonstrated. Manthiram and Alivisatos reported plasmon 
resonances in 1D sub-stoichiometric semiconducting tungsten oxide [67], while Huang 
et al. have shown the generation of plasmon resonances in 1D tubular reduced 
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molybdenum oxide suspensions [66]. Advantageously both tungsten and molybdenum 
oxides can be ultra-doped and have also large dielectric constants, which both are 
important factors for obtaining plasmon resonances in the NIR and visible regions [1]. 
In 1D sub-stoichiometric tungsten and molybdenum oxides, the plasmon resonances are 
a function of two modest depolarization factors along the cross section of the 1D 
structure (Figure 3.1). However, the existence of one large depolarization factor reduces 
the wavelength of the plasmon resonances in 2D structures of similar stoichiometry. 
Accordingly, the unique properties of 2D molybdenum oxide such as the possibility of 
high level ionic intercalation (hence ultra-doping), large permittivity and the effect of 
the depolarization factor in 2D flakes are used for demonstrating tunable plasmon 
resonances in this range.   
The effect of intercalating ions and changing the lateral dimensions of the flakes on 
the plasmon resonances peaks of a reduced quasi-metallic form of molybdenum oxide 
will also be investigated. As presented in chapter 1, α-MoO3 is of particular interest for 
the creation of 2D morphologies due to its unique layered structure. Its planar units are 
made of thin double-layer that have a thickness of ~1.4 nm, consisting of linked 
distorted MoO6 octahedra [23]. In each double layer, MoO6 octahedra form corner 
sharing rows along the a-axis and edge-sharing zigzag rows along the c-axis [6]. The 
layers stack up along the b-axis by weak van der Waals’ forces, while interactions 
between atoms within the double-layer are dominated by strong covalent bonding [22].  
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Figure  3.1. Shifts in the plasmon resonance peak of 1D and 2D tungsten oxides at 
various aspect ratios based on parameters suggested by Manthiram and Alivisatos [67].  
 
Due to this unique layered structure, a remarkable compound known as 
“molybdenum bronze” can be produced by the intercalation of ions into the van der 
Waals’ gaps, which is accompanied by the partial reduction of Mo to a lower oxidation 
state [66]. Molybdenum bronze displays an intense Prussian blue color, with a metallic 
luster, and a range of semiconducting to metallic properties depending on the degree of 
ion intercalation. In this chapter, the PhD candidate will show that these intercalating 
ions eventually take oxygen atoms from the 2D crystal, forming sub-stoichiometric 
molybdenum trioxide (MoO3-x), which also displays a strong Prussian blue color and 
has ordered phases with a highly controlled stoichiometry. 
The outcomes of this chapter contributed in one of the PhD candidate’s journal 
papers which was published in the Advanced Materials journal [136].  
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3.2 Experimental 
3.2.1 Synthesis of 2D MoO3 
3 g of the MoO3 powder (99% purity, from China Rare Metal Material Co.) was 
grounded with 0.6 ml acetonitrile for 30 min. The powder was then dispersed in a 50 
vol % ethanol/water mixture (45 mL), probe-sonicated (Ultrasonic Processor GEX500) 
for 120 min at the power of 125 W, and then centrifuged at 6000 rpm for 30 min at RT. 
The yellow/blue supernatant containing high concentration of 2D molybdenum oxide 
flakes was collected and drop-casted onto eight small containers with 3 mL of the 
suspension in each eight samples. Then, the samples were irradiated under the sun 
simulator (Abet Technologies LS-150), at the power of 100 mW cm-2 for different time 
intervals of  5 min, 10 min, 20 min, 30 min, 1 h, 2 h and 5 h. Flakes with different 
lateral dimensions were obtained by putting the suspension through filters with 
different pore sizes. Suspensions of 2D flakes with average lateral dimensions of ~140, 
~70, and ~40 nm were obtained. These lateral dimensions of these flakes were reduced 
to ~100, ~50 and ~25 nm after 2 h of illumination.  
To assess the biosensing capability of 2D molybdenum oxide flakes, 2 mL of bovine 
serum albumin (BSA) solutions (Invitrogen) with concentrations of 0.15, 1.5 and 15 mg 
mL-1 were incubated with 1 mL of suspended nanoflakes solution (after 2 h solar light 
irradiation) for 1 h. Their absorption spectra were measured subsequently.  
3.2.2 Structural Characterization of 2D MoO3 
Bruker Multimode 8 atomic force microscopy (AFM) was used for analyzing the 
surface topography. The scanning electron microscopy (SEM) images were obtained 
using a FEI Nova NanoSEM. The Raman measurements were performed using a 
Horiba TRIAX 320 Raman spectroscopy. The DLS analysis was obtained using an 
Chapter 3: Tunable Plasmon Resonances in Two Dimensional Molybdenum Oxide Nanoflakes  
 
42 
 
ALV 5022F spectroscopy. The X-ray diffraction (XRD) patterns were collected using a 
Bruker D4 ENDEAVOR. The 2D molybdenum oxide flakes supernatant samples (at 
initial stage and after 5 h solar light irradiation), were dropped onto Cu grids for TEM 
(JEOL 1010) and HRTEM (JEOL 2100F) characterization. X-ray photoelectron 
spectroscopy (XPS) was performed using a Thermo Scientific K-alpha instrument with 
an Al Kα source. The PL spectra were obtained using a Horiba Jobin Yvon Fluorolog-3 
at the excitation wavelength of 300 nm. The absorbance spectra of the 2D molybdenum 
oxide nanoflakes were examined using a spectrophotometric system consisting of a 
Micropack DH-2000 UV-vis-NIR light source and an Ocean Optics HR4000 
spectrophotometer.   
3.3 Results and Discussion 
The suspensions of 2D molybdenum oxide in a mixture of DI water and ethanol are 
produced using a facile two-step process (see the Experimental Section for details). In 
brief, the 2D MoO3 flakes are first produced by a grinding-assisted LPE method from 
bulk α-MoO3 powder with a combination of mechanical grinding and sonication. The 
transition process from 2D MoO3 to intercalated, eventually reduced 2D molybdenum 
oxide is carried out by illuminating the 2D flakes in water, under simulated solar light 
for controlled durations, producing H+, free electrons and O2 gas [137]. The lateral 
dimensions and thicknesses of the flakes are assessed using AFM and dynamic light 
scattering (DLS). Figure 3.2a represents a typical AFM image of the 2D flakes (Figure 
3.3 presents an example produced before and after 5 h of solar light irradiation). 
Suspensions of 2D MoO3 flakes with average lateral dimensions of ~140, ~70 and ~40 
nm are produced. Their thicknesses typically range from 4 and 6 nm, corresponding to 
3 and 4 fundamental layers [6].  
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Figure  3.2. (a) The AFM image of a 2D molybdenum oxide flake. (b) The DLS graph 
of 2D flakes before and after simulated solar light irradiation. (c) and (d) A HRTEM 
image and the corresponding SAED pattern of a non-intercalated 2D flake. (e) and (f) A 
HRTEM image and the corresponding SAED pattern of a 2D flake after 5 h of solar 
light irradiation. 
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Figure  3.3. The AFM images of drop casted 2D molybdenum oxide flakes (a) before 
solar light irradiation and (b) after 5 h solar light irradiation. 
 
Interestingly, the average lateral dimensions of the flakes after 5 h were reduced by 
approximately 30% (Figure 3.2b), but their thicknesses remained unchanged (Figure 
3.3). The transmission electron microscopy (TEM) measurements further verify this 
observation (Figure 3.4). 
 
Figure  3.4. (a) A TEM image of 2D flakes before solar light irradiation. (b) A TEM 
image of 2D flakes after 5 h solar light irradiation. (c) A HRTEM image showing the 
layered nature of a 2D flake. 
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The high resolution transmission electron microscopy (HRTEM) is utilized to assess 
the lattice arrangement of 2D molybdenum oxide flakes before and after the 
intercalation process. Figure 3.2c shows lattice fringes of the initial 2D molybdenum 
oxide nanoflakes with a spacing of 0.39 nm, which is associated with the (1 0 0) plane 
of α-MoO3. The corresponding selective area electron diffraction (SAED) pattern is 
presented in Figure 3.2d with clearly distinguishable diffraction spots representing the 
(2 0 0) and (0 0 2) planes of α-MoO3 [6]. Interestingly, the lattice fringes of the 2D 
flakes after 5 h of exposure to the solar light are reduced to 0.34 and 0.36 nm (Figure 
3.2e), which can be indexed to the (4 1 1) and (-6 0 1) planes of monoclinic Mo4O11, 
respectively. Figure 3.2f shows the corresponding SAED pattern which is attributed to 
the (0 2 0) and (4 2 2) planes of monoclinic Mo4O11 [138, 139]. The PhD candidate 
believed that such reduction in the d spacing of the flakes is due to the presence of 
oxygen vacancies in the crystal lattice. It is suggested that this can explain the lateral 
dimensional reduction that is observed in DLS measurements. The Raman spectra of 
2D molybdenum oxide suspensions under different solar light illumination durations 
were obtained to investigate the evolution of intercalation (Figure 3.5a).  
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Figure  3.5. (a) The Raman spectra of 2D molybdenum oxide flakes exposed to 
simulated solar light for different durations. (b) XPS Mo 3d spectra of 2D molybdenum 
oxide flakes at different solar light irradiation durations. (c) The corresponding XPS 
valence bands at different solar light irradiation durations. 
Strong Raman peaks are observed at 280, 667, 816 and 991 cm-1 for the starting 
material, which are all in good agreement with orthorhombic α-MoO3 [122]. The 280 
cm-1 peak represents the bending mode for the double bond (Mo=O) vibration. The 
667 cm-1 peak is assigned to the triply coordinated oxygen (Mo3–O) stretching mode, 
which results from edge-shared oxygen atoms in common to the three adjacent 
octahedra. The 816  cm-1 peak is related to the doubly coordinated oxygen (Mo2–O) 
stretching mode, which results from corner-sharing oxygen atoms common to the two 
octahedra, The 991 cm-1 peak is assigned to the terminal oxygen (Mo6+=O) stretching 
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mode, which resulted from an unshared oxygen. Other peaks at 334 and 373 cm-1 can 
be assigned to Mo3–O and Mo=O bending modes, respectively.  
In addition, the weak peak at 240 cm-1 is assigned to the bending mode of Mo2–O 
and finally the three peaks at 122, 146 and 194 cm-1 are all represent the lattice 
deformation modes [122, 140]. After 5 min of irradiation, four new Raman peaks 
appear at 169, 415, 780 and 896 cm-1, representing the deformation, Mo3–O stretching 
and Mo2–O stretching modes of HxMoO3 (x ≤ 0.4 type I hydrogen molybdenum 
bronze), respectively. These all indicate the transformation from original α-MoO3 into 
HxMoO3 upon solar irradiation [22]. A report indicates that H+ ions originate from H2O 
catalysis during the illumination process, resulting in the theoretical formation of OH2 
groups in the HxMoO3 structure [141]. The intercalation process can be expressed as 
follows [137]:  
										 									MoOଷ 	 ௛௩ሱሮ MoOଷ∗ ൅ ݄ା ൅ eି                (3.1) 
					 									2݄ା ൅ HଶO → 2Hା ൅ ଵଶ Oଶ                (3.2) 
																 								MoOଷ ൅ ݔHା ൅ ݔeି → H௫ MoOଷ                (3.3) 
Note that H2O is the sole proton source as the protonation of ethanol normally takes 
place at elevated temperatures (>200 °C) [142].  
After exposure to light for 10 min, the intensity of the α-MoO3 Raman peaks 
gradually decrease and new peaks at 194 and 355 cm-1 appear. Additionally, a new 
peak appears at 733 cm-1, suggesting traces of MoO3-x, possibly due to modification of 
the original Mo2–O bond. Confirming this, other peaks appear at 221 and 489 cm-1 that 
can be assigned to the deformation mode, Mo3–O, and the Mo=O stretching modes of 
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MoO3-x, respectively [140, 143]. The degeneration of the long Mo–OH2 bonds in 
HxMoO3, and the appearance of MoO3-x, is likely due to the solar energy irradiation, 
which is similar to the reported cases for WO3 [22, 144]. While there is no obvious 
difference between the Raman spectra of 2D flakes between 10 and 20 min of 
irradiation, further irradiation increases the intensities of all the MoO3-x Raman peaks. 
Significantly, all α-MoO3 and all HxMoO3 Raman peaks disappear after 1 and 5 h, 
respectively. At this stage, the 2D flakes are transformed into a combination of 
monoclinic Mo4O11 and MoO2, and the observed Raman peaks are the result of the 
reduction of the bond lengths between metal and oxygen atoms [145, 146]. This is 
again in agreement with our DLS and HRTEM observations. 
In addition to Raman spectroscopy, the crystal structures of the 2D flakes before and 
after the solar light irradiation are investigated using XRD analysis. According to 
Figure 3.6, while the peaks of the initial flakes are perfectly matched to orthorhombic 
α-MoO3, it is found that the illuminated 2D flakes after 5 hours exhibit a dominant 
crystal phase of monoclinic Mo4O11, as new peaks appear at 24.7, 33, 36.7 and 46.2° 
2θ, corresponding to the ( 6 1 0), (0 2 0), (10 0 0), and (4 2 2) planes of this compound, 
respectively [147, 148].  
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Figure  3.6.  XRD patterns for 2D molybdenum oxide before and after 5 h solar light 
irradiation. The initial XRD pattern show that the flakes are made of crystalline 
orthorhombic MoO3 with lattice parameters of a = 3.697 Å, b = 13.858 Å, c = 3.962 Å 
(JCPDs no: 05-0608). After 5 h of solar light irradiation they are transformed into 
monoclinic Mo4O11 with the lattice parameters of a = 24.540 Å, b = 5.439 Å, c = 6.701 
Å, and lattice angle: β = 94.280° (JCPDs no: 13-0142).  
 
X-ray photoelectron spectroscopy is used to identify the stoichiometry of the 2D 
flakes as shown in Figures 3.5b,c. The doublets at 235.98 and 232.68 eV are attributed 
to the binding energies of the 3d3/2 and the 3d5/2 orbital electrons of Mo6+, respectively. 
The integral areas between the two doublets are in a 2:3 ratio and the energy gap 
between them is 3.1 eV, in agreement with α-MoO3 as reported by Hu et al [117]. After 
5 min of solar light irradiation, two new peaks centered at 234.58 and 231.28 eV appear 
in the Mo 3d core level spectrum (Figure 3.5b). These peaks are at lower binding 
energy compared to Mo6+, indicating the appearance of the Mo5+ oxidation state in the 
flakes. The intensities of these Mo5+ peaks increase with the irradiation duration and 
become comparable to the intensities of the Mo6+ peaks after 5 h, suggesting a 
significant sub-stoichiometry for the 2D flakes. Figure 3.5c represents valence band 
information of the flakes. A weak peak (small hump) close to the Fermi energy (EF) is 
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found after 10 min of solar light irradiation. This weak peak corresponds to the overlap 
of the electron wave functions in oxygen vacancies associated with the occupied Mo 4d 
states [118, 149]. By increasing the irradiation duration, the small hump shifts towards 
the valence band (VB) region and its intensity increases, suggesting that the initial 
molybdenum oxide flakes gradually lose their semiconducting properties and become 
metallic [149, 150]. These observations are consistent with the Raman spectra and 
XRD analyses.  
The semiconductor to metal transition is also evident from resistivity and 
photoluminescence (PL) measurements. The resistivity measurements show a strong 
transformation of the flakes from semiconducting to metallic when they are reduced 
from MoO3 to Mo4O11 (Figure 3.7).  
 
Figure  3.7. (a) Resistivity plot of the nanostructured thin films made of 2D 
molybdenum oxide flakes in relation to the solar light exposure duration. (b) The cross-
sectional SEM image of the nanostructured thin film. 
In order to measure the resistivity of the 2D molybdenum oxides as a function of 
solar light irradiation duration, the supernatants containing the 2D nanoflakes are drop-
casted onto glass substrates with the area of 10 × 10 mm2 and dried at RT. Figure 3.7a 
presents the resistivity of the 2D molybdenum oxides flakes upon exposure to solar 
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light up to 5 h. The resistivity of the initial sample (pristine α-MoO3) was in the range 
of ~102-103 Ω cm, which is close to the values of nanostructured MoO3 reported in 
literature [117, 151, 152]. Upon the exposure of solar light, the resistivity of the flakes 
decreased exponentially and finally reached ~10-2-10-3 Ω cm for 5 h irradiation, which 
is more than four orders of magnitude reduction as compared to pristine α-MoO3. 
Although the measured resistivity is slightly higher than those reported in monoclinic 
Mo4O11 possibly due to the existence of inter-flakes resistances [98], this does not 
affect the conclusion that a significant amount of free electrons were introduced into the 
molybdenum oxide flakes upon the solar light irradiation. The film thicknesses of the 
samples are measured to be approximately 500 nm by SEM cross sectional assessments 
as shown in the Figure 3.7b. The resistances of the samples are measured using a digital 
source meter (Keithley 2602).  
Moreover, Figure 3.8 shows PL spectra of 2D molybdenum oxide flakes at different 
time intervals under the excitation wavelength of 300 nm.  
 
Figure  3.8. PL spectra of suspensions containing 2D molybdenum oxide flakes after 
different solar light irradiation durations at the excitation wavelength of 300 nm. 
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For the pristine MoO3 flakes, three strong PL peaks can be seen at 435 nm (2.86 
eV), 450 nm (2.76 eV) and 465 nm (2.67 eV) [153], all representing radiative 
recombination of interband electrons and holes in MoO3 crystals [119, 154]. 
Interestingly, the intensities of these PL peaks gradually decrease and eventually vanish 
as the solar light irradiation continues. This provides evidence for the metallic nature of 
the irradiated flakes. Density functional theory (DFT) calculations are also carried out 
to further elucidate the transition from semiconducting α-MoO3 to metallic Mo4O11 
(Figure 3.9).  
 
Figure  3.9. Density of states calculated by DFT of (a) α-MoO3, (b) Monoclinic Mo4O11 
and (c) Monoclinic MoO2. 
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Figures 3.9a-c shows the atom projected electronic density of states (E-DOS) for 
MoO3, MoO2 and Mo4O11, respectively. In this figure the energy scale for density of 
states is shifted so that the EF is at zero in each case. For MoO3 and MoO2 the 
calculated band-gaps are 3.5 and 1.6 eV, respectively. However, Mo4O11 is predicted to 
be metallic with occupied bands corresponding to Mo and O across the EF. Atomic 
orbital decomposition of the e-doss is also performed. It is noted that the 3d orbitals in 
the Mo basis set for these calculations are part of the pseudo-potential and are not 
observed. The projections indicate that for MoO2 and MoO3 major orbitals that 
contributed near the valance band maximum region are the 5p orbitals for Mo and the 
2p orbitals for O. For Mo4O11 the major orbitals contributed to the bands which 
spanned the EF are also 5p for Mo and 2p for O. The theoretical results confirm that 
Mo4O11 is metallic and MoO2 has a bandgap, suggesting that after the reduction process 
using the solar light, Mo4O11 is the only sub-stoichiometric molybdenum oxide option 
that can produce plasmon resonances. 
The optical properties of the molybdenum oxide flakes upon solar light irradiation 
are also investigated using UV-Vis spectroscopy. Figure 3.10a shows the optical 
images of the samples before, during and after illumination for different durations. The 
suspension containing 2D molybdenum oxide flakes starts with a bright yellow/blue 
color and gradually turns dark blue as the irradiation time increases. Figure 3.10b 
represents the UV-Vis spectra of the corresponding samples. While there is no obvious 
absorption peak in the visible light region for pristine 2D MoO3 flakes, an optical 
absorption band centered at 760 nm appears after 5 min of irradiation. The intensity of 
this absorption band gradually increases and blue-shifts when the solar light irradiation 
duration increases and eventually the center of the absorption band reaches ~700 nm 
after 5 h of irradiation. The results from XPS, resistivity and PL measurements confirm 
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the augmentation of the free electron concentration in the flakes and the increase of the 
oxygen vacancies after solar light irradiation. As such, the candidate ascribes this 
absorption band to the plasmonic resonances of the quasi-metallic 2D flakes. The broad 
features of these plasmonic bands are mainly associated with the polydispersity of the 
2D flakes as being evident in Figure 3.2b. 
 
Figure  3.10. (a) Optical images of the 2D flakes suspensions at different solar light 
irradiation durations. (b) UV-Vis absorbance spectra of the samples before and after 
solar light irradiation. (c) Normalized absorption spectra of 2D flakes with different 
lateral dimensions after 2 h of irradiation. The inset shows the comparison between 
measured and theoretically calculated plasmon resonances peaks for the short-axis 
mode of 2D molybdenum oxides. 
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The measured plasmonic resonance peak of the flakes is consistent with the 
calculations based on Mie-Gans theory for scattering and absorption in 2D materials, 
further confirming the existence of the plasmonic band [52, 67, 155].  
Theoretical plasmon resonance peak calculations according to Mie-Gans theory the 
extinction coefficient is given by [155]: 
																																	ܣ	ωε௠
య
మ ∑
ቈ భ೛ౠమ቉ఌమ
ቈఌభା
భష೛ౠ
೛ౠ ఌ೘቉
మ
ାఌమమ
୨ 																																																						(3.4) 
where	ω is the angular frequency of incident light; ε௠ is the dielectric constant of the 
medium, εଵ and εଶ are the real and imaginary terms of the dielectric function ε (ω) of 
the suspended material, respectively and the ݌୨ are the depolarization factors for axes (a, 
b and c). The depolarization factors for a one-dimensional (1D) material are [155]: 
																										 P୅ ൌ ଵି௚
మ
௚మ ቂ
ଵ
ଶ௚ ln ቀ
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																										 P୆ ൌ Pେ ൌ ଵି୔ఽଶ 																						(3.6) 
in which the ݃ factor is: 
																										 ݃ ൌ 	 ቀୟమିୠమୟమ ቁ
ଵ/ଶ 																							(3.7) 
The depolarization factors for a two-dimensional (2D) material are [155]: 
																							P୆ ൌ ଵ௚మ ቈ1 െ ቀ
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భ
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																										 						P୅ ൌ Pେ ൌ ଵି୔ాଶ 																						(3.9) 
in which the ݃ factor is: 
																																					݃ ൌ 	 ቀୟమିୠమୟమ ቁ
ଵ/ଶ																																																																			 (3.10) 
Both parameters for 1D and 2D calculations are based on the values suggested by 
Manthiram and Alivisatos  [67]. Aspect ratios in both 1D and 2D systems are defined as 
the length over thickness. The lateral dimensions are considered to be equal in the 2D 
system. 
The dielectric function is described by the Lorentz model [155]: 
																							ߝሺ߱ሻ ൌ ߝଵ ൅ iߝଶ ൌ ߝஶ െ ఠ౦
మ
ఠమା୧ஓఠ																																																			(3.11) 
in which ߱୮ is the bulk plasma frequency,	ߝஶ is the high-frequency relative dielectric 
constant which is equal to 1 and γ is the damping coefficient of the resonance. 
																										 					߱୮ 			ൌ ට ே௘మఌబ௠೐ 																				(3.12) 
where the charge carrier density (ܰ) is 8.5 × 1021 cm-3, ߝ଴ is the permittivity of free 
space, and the effective mass of an electron is ݉௘= 0.2݉௢. 
																										 							γ ൌ ଵఛ ൌ
௘మ
ఙ௠೐ 																				(3.13) 
where τ is the scattering time of an electron and the value of the conductivity (σ ) is  
2 × 103 Ω-1 cm-1. 
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In these calculations the lateral dimensions of the flakes are assumed to be ~100 nm, 
the thickness of the flake ~6 nm, the high-frequency relative dielectric constant ( ߝஶ ) 
for the reduced molybdenum oxide to be 20 [1]. The values suggest the importance of 
the high permittivity, the effect of the 2D morphology (hence the depolarization factor) 
and the ultra-doping to obtain plasmon resonances peaks in the visible region. If the 
same numbers are fed into the parameters of the 1D reduced molybdenum oxide 
structure reported by Huang et al [66]. A 1.51 time’s reduction in the wavelength is 
calculated. The measured reduction in the wavelength is 1.45 times, which strongly 
supports the initial hypothesis. 
The plasmonic response is also known to be strongly size-dependent [156]. In order 
to explore these unique plasmonic features in molybdenum oxides, the optical 
properties of flakes (after 2 h of solar light irradiation) with different average lateral 
dimensions of ~100, ~50 and ~25 nm were investigated (see Experimental Section for 
synthesis details). According to Figure 3.10c, the plasmonic band red-shifts from ~730 
to ~750 nm as the lateral dimension is reduced. This again agrees with the Mie-Gans 
calculation (inset in Figure 3.10c) and this phenomenon has also been seen in the case 
of heavily doped semiconductors and WO2.82 nanorods [67, 156, 157]. 
In order to further exploit the applicability of these 2D plasmonic molybdenum 
oxide flakes, an optical biosensing system is devised in which BSA is chosen as a 
model protein for assessing the sensitivity. The candidate previously shown that BSA 
has a very high affinity to molybdenum oxide and is readily immobilized onto the 
surface of oxide flakes [158]. The suspended 2D flakes obtained after 2 h of solar 
irradiation are used in these experiments. From Figure 3.11a, it is found that the 
intensity of plasmonic absorption peak of the suspended 2D flakes is significantly 
reduced in the presence of  BSA (after 1 h of incubation together with the flakes) with 
Chapter 3: Tunable Plasmon Resonances in Two Dimensional Molybdenum Oxide Nanoflakes  
 
58 
 
the concentration as low as ~0.15 mg mL-1. Further increase of the BSA concentration 
up to ~15 mg mL-1 results in the rapid decrease of the plasmonic peak intensity, which 
is evident in Figures 3.11a,b.  
 
Figure  3.11. (a) Normalized absorption spectra of 2D molybdenum oxide flakes after 2 
h solar light irradiation and after being incubated with different BSA concentrations of 
0 (green line), 0.15 (pink line), 1.5 (yellow line) and 15 mg mL-1 (blue line) for 1 h. (b) 
The corresponding response factors of the biosensor as a function of the BSA 
concentration. The response factor is defined as the ratio of the absorbance value of the 
initial flakes at the resonances peak over that of the flakes’ absorbance after the 
incubation of BSA for 1 h. 
 
The BSA immobilization on the oxide surface is achieved via collective van der 
Waals’ forces and electrostatic interactions between the protein functional groups and 
the surface of flakes [158-160]. As such, the alternation of the plasmonic features in the 
2D flakes is likely not due to the chemical modification of the oxide crystal but the 
manipulation of the boundaries that alters the electronic properties. The negatively 
charged immobilized BSA repels the free electrons that are originally accommodated 
on the ultra-doped flakes surface [158]. This leads to a decrease in the free electron 
density near the surface of the flakes, hence the reduction in the intensity of the surface 
plasmon resonance peak. 
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3.4 Summary 
In this chapter, the PhD candidate demonstrated the fact that by controlling the oxygen 
vacancies in molybdenum flakes based on a facile solar light driven process, active 
tuning of the plasmonic response in 2D molybdenum oxide is possible. Simply by 
irradiating the suspension of 2D flakes in the presence of water with solar energy, the 
candidate induced oxygen deficiencies in the 2D flakes which were completely stable 
both before and after the process. Interestingly, the dimensions of the flakes shrank by 
~30% after losing oxygen, while the structure still remains stable 2D. The application 
of these 2D plasmonic flakes was also demonstrated in a model biosensing system. 
Several unique properties of molybdenum oxide provide the key features to obtain the 
tunable 2D plasmon resonances in the visible region. This includes the ability of 
molybdenum oxide flakes to accept a large number of intercalating ions (hence the 
possibility of ultra-doping), their high permittivity, and morphological aspects resulting 
in a favorable depolarization factor. These properties create strong plasmonics in 
reduced 2D molybdenum oxides. The 2D molybdenum oxide presented is a novel 
material for developing 2D plasmonic systems with a high degree of controllability. 
Such systems could be efficiently incorporated into future low-dimensional sensing and 
optical systems.  
In the next chapter, the PhD candidate will investigate the exfoliation solvent 
dependent plasmon resonances in 2D sub-stoichiometric molybdenum oxide 
nanoflakes.  
Chapter 4: Exfoliation Solvent Dependent Plasmon Resonances in Two Dimensional Sub-
Stoichiometric Molybdenum Oxide Nanoflakes 
60 
 
 
Chapter 4 : Exfoliation Solvent Dependent 
Plasmon Resonances in Two Dimensional Sub-
Stoichiometric Molybdenum Oxide Nanoflakes 
 
4.1 Introduction  
In this chapter, the PhD candidate will demonstrate the outcomes of her investigations 
on the synthesis of two-dimensional (2D) molybdenum oxide nanoflakes via grinding-
assisted sonication liquid-phase exfoliation (LPE) method in five mixtures of water 
with either aprotic or protic solvents. The samples will be exposed to solar light for a 
fixed duration and power intensity. The outcomes will be studied in terms of energy 
and solubility of the mixtures that play important roles in changing the thickness, 
lateral dimension as well as the synthetic yield of the nanoflakes. In this chapter, the 
proton intercalation in 2D nanoflakes upon simulated solar light exposure will be 
demonstrated and that how such an H+ intercalation will result in sub-stoichiometric 
flakes and a subsequent enhancement in free electron concentrations, producing 
plasmon resonances. Also, the plasmonic properties in relation to the samples’ 
morphological parameters and free electron concentrations will be characterized. The 
plasmonic biosensing performances will also be investigated, in which bovine serum 
albumin (BSA) will be used as a representative protein target. 
The work presented in this chapter was published as an article in the journal of ACS 
Applied Materials & Interfaces [161].  
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4.2 Experimental 
4.2.1 Synthesis of 2D Molybdenum Oxide Nanoflakes 
MoO3 powder (99% purity, China Rare Metal Material Co.) was ground with five 
different solvents, specifically N-methyl-2-pyrrolidone (NMP), acetonitrile, methanol, 
ethanol and isopropyl alcohol (IPA), respectively. The grinding ratio was 3 g of the 
power in 0.6 mL solvent and the duration was 30 min.  
The five samples were then dispersed in 45 mL of NMP/water, acetonitrile/water, 
methanol/water, ethanol/water and IPA/water mixtures (50:50 v/v) respectively, and 
subjected to probe-sonication (Ultrasonic Processor Qsonica Q500) for 120 min at 
125 W. Subsequently, they were centrifuged at 3,220×g for 30 min at RT. The five 
supernatant samples containing high concentrations of 2D MoO3 flakes were collected 
and transferred into small glass vials of 10 mL volume each, which were then irradiated 
under a solar simulator (Abet Technologies LS-150) for 2 h. 
4.2.2 Characterization  
Digital Instruments D3100 atomic force microscopy (AFM) was used to investigate the 
surface morphology of drop-casted nanoflakes. Raman spectra were obtained micro-
Raman spectrometer (Renishaw InVia microscope) with a 1200 lines per mm blazed 
grating and a 1 mW laser excitation source at 514 nm. The baseline of Raman spectra 
were corrected by using Matlab (The Math Works, Natick MA) [162]. Acquisitions 
were carried out for 10 s with two averages using a ×20 magnification lens. The 
nanoflake suspensions were diluted and their average lateral dimensions were 
measured using dynamic light scattering (DLS) technique (ALV 5022F spectrometer). 
The X-ray diffraction (XRD) patterns were collected using a Bruker D4 ENDEAVOR 
with monochromatic Cu Kα as radiation source (λ = 0.154 nm).  
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X-ray photoelectron spectroscopy (XPS) was performed using a Thermo scientific 
K-Alpha instrument equipped with a monochromated aluminium K-α source (1486.7 
eV). A pass energy of 20 eV was selected and the binding energy of the Mo2p peaks 
was shifted so that the adventitious C1s peak was aligned to 284.8 eV.  
The supernatant containing 2D molybdenum oxide flakes were dropped onto Cu grid 
sample holders for high resolution transmission electron microcopy (HRTEM, using a 
JEOL 2100F) characterization. HRTEM images were acquired using a Gatan Orius 
SC1000 CCD Camera. Electron energy loss spectroscopy (EELS) was performed using 
a Gatan Imaging Filter (GIF) Tridium Spectrometer. To conduct EELS experiments, a 
high-angle annular dark field (HAADF)-scanning transmission electron microscopy 
(STEM) image of the region of interest was first obtained. A small area map was then 
acquired across the nanoflakes, and the total number of data points was determined 
such that one spectrum was collected at every 2 nm interval. The zero loss peak (ZLP) 
of each spectrum was aligned using a digital micrograph and removed using the 
reflected tail model. Spectra within small areas of the map were then summed to 
improve the signal to noise ratio.  
The multicomponent peaks (XPS and EELS) were deconvoluted using original 
software with Gaussian peak-fitting technique, where the original initial peaks are kept 
unchanged as a reference, where the new peaks were fitted to match the envelope of the 
total curve. 
The photoelectron spectroscopy in air (PESA) measurements were conducted on 
drop-casted samples on glass slides and were measured using a Riken Keiki Model 
AC-2 PESA spectrometer with power setting of 100 nW and plotted using a power 
number of 1/3, appropriate for semiconducting materials. Absorbance spectra were 
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measured using an UV−vis−NIR microspectrophotometer (CRAIC 20/30 PV). Zeta 
potentials of the mixtures were determined using a Zetasizer Nano ZS equipment 
(Malvern Instruments, Worcestershire, UK). 
4.2.3 Thermogravimetric Analysis (TGA) Preparation 
24 mL of each suspension of 2D molybdenum oxide flakes was transferred onto 24 
small centrifuge tubes of 1 mL. The 24 tubes were centrifuged at very high speed of 
21,000×g for 60 min (Labogene-1524). A complete process is described in detail as 
follows: Step 1: 24 mL of the initial 2D molybdenum oxide nanoflakes suspension was 
transferred onto 24 small centrifuge tubes of 1 mL (Figure 4.1a). The process in steps 1 
was repeated for each of the five solvent/water mixtures, respectively. Step 2: these 24 
tubes were centrifuged at very high speed (21,000×g) for 60 min (Figure 4.1b). The 
process in steps 2 was repeated for each of the five solvent/water mixtures, 
respectively.  
Figure 4.1c shows the precipitate at the bottom of each the 1 mL centrifuge tubes 
after centrifugation. Step 3: pipette was used to collect the remaining mixtures from the 
24 centrifuge tubes (Figure 4.1d) and the remaining mixtures transferred into one tube 
of 24 mL (Figure 4.1e) for DLS measurements. Also, the remaining precipitates of the 
24 centrifuge tubes were collected in one 1 mL centrifuge tube, which presents the 
flakes per 24 mL (Figure 4.1f). The process in step 3 was repeated for each of the five 
mixtures, respectively. Moreover, the five 24 mL centrifuge tubes for each of the five 
mixtures (Figure 4.1e) were tested by the DLS measurement to confirm that the waste 
solvent/water mixtures contain no nanoflakes. Step 4: the collected precipitate of 1 mL 
centrifuge tube was sonicated in order to mix the precipitate with the remaining 
mixtures for accurate transportation to the TGA container (Figure 4.1g). The process in 
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step 4 was repeated for each of the five mixtures, respectively. Step 5: the mixture of 
the precipitate after bath sonication (Figure 4.1g) was carefully drop-casted into the 
TGA container for the TGA analysis (Figure 4.1i). The process in step 5 was repeated 
for each of the five mixtures, respectively. 
 
 
Figure  4.1. (a-i) Schematic diagram of the process for assessing the mass of the flakes 
in the suspensions of the 2D molybdenum oxide nanoflakes using TGA analysis. 
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4.2.4 BSA Preparation 
To assess the biosensing capability of 2D molybdenum oxide flakes, 2 mL of BSA 
solutions (Invitrogen) with concentrations of 0.25 2.5, 5 and 10 mg mL−1 were 
incubated with 1 mL solutions of the irradiated suspended containing 2D molybdenum 
oxide nanoflakes for 1 h in different mixtures. 
4.3 Results and Discussion 
4.3.1 Morphological Characterizations of 2D Molybdenum Oxide Nanoflakes 
The lateral dimensions and thicknesses of 2D molybdenum oxide nanoflakes before 
(initial) and after 2 h exposure to solar illumination in different solvent/water mixtures 
were investigated using transmission electron microscopy (TEM), dynamic light 
scattering (DLS) and atomic force microscopy (AFM). Figure 4.2a shows TEM images 
of 2D molybdenum oxide flakes in different mixtures before and after 2 h of solar 
illumination. Importantly, the PhD candidate observed different surface morphologies 
and shapes of the nanoflakes with various dimensions in different mixtures [72].  
The average lateral dimensions before and after solar illumination (Figure 
4.2b) are extracted from the statistical analysis of the flake size distribution 
obtained from both DLS and TEM measurements (Figures 4.3 and 4.4). The PhD 
candidate observed a decrease trend in size following the sample order of NMP/water, 
acetonitrile/water, methanol/water, ethanol/water and IPA/water (Table 4.1). The 
largest average lateral dimension of the initial molybdenum oxide nanoflakes is found 
to be ~450 nm for the NMP/water mixture, while the smallest is ~200 nm in the 
IPA/water mixture. However, after 2 h of solar light illumination, the lateral 
dimensions of the flakes are reduced in both NMP/water and IPA/water mixtures to 
~380 and ~80 nm, respectively. 
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Figure  4.2. (a) TEM images of the initial nanoflakes and after solar illumination in 
different solvent/water mixtures (scale bars: 50 nm). (b) The average lateral dimensions 
of 2D molybdenum oxide nanoflakes measured by DLS and TEM before and after 2 h 
solar illumination in different solvent mixtures. (c) The average thickness of the 2D 
nanoflakes before and after solar illumination in different mixtures obtained using 
AFM analysis. 
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Figure  4.3. The DLS and TEM characterizations of 2D molybdenum oxide flakes 
before and after 2 h of solar light irradiation in different mixtures. The DLS diagrams 
illustrate the distributions for the lateral dimensions of the flakes. 
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Figure  4.4. Histograms showing the distribution of 2D molybdenum oxide nanoflakes 
lateral dimensions before and after the solar light illumination in different mixtures. 
The histograms are sampled using 100 flakes each from the TEM data. 
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Table 4.1. The average lateral dimension, thickness and aspect ratio of 2D 
molybdenum oxide flake samples in different mixtures before and after the solar light 
irradiation assessed by AFM, TEM and DLS.  
 
AFM analysis confirmed the formation of 2D structure regardless of the choice of 
exfoliation solvent (Figures 4.5 and 4.6). Figure 4.2c shows the average AFM 
thickness of the molybdenum oxide flakes exfoliated in different solvent 
mixtures before and after solar illumination extracted from the statistical analysis 
of the flake thickness distribution shown in Figures 4.5 and 4.6. Notably, this 
Mixtures 
Average flake 
thickness (Tav) for 
100 flakes (AFM) 
Average flake lateral 
dimension (Lav) for 
100 flakes (TEM) 
 
Average flake 
aspect ratio = 
Lav / Tav 
 
Average lateral 
dimension of the 
flakes (DLS) 
NMP/water    
initial 
σ = 26.6 nm        
= ~ 19 L 
σ = 450.5 nm ~ 17 σ ~ 454 nm 
NMP/water 
after 2 h 
 
σ = 20.8 nm        
  = ~ 15 L 
 
σ = 380 nm ~ 18 σ ~ 380 nm 
Acetonitrile/water 
initial 
σ = 12.6 nm 
= ~ 9 L 
σ = 220.4 nm ~ 18 σ ~ 218 nm 
Acetonitrile/water 
after 2 h 
 
σ = 9.8 nm 
= ~ 7 L 
 
σ = 200 nm 
 
~ 20 σ ~ 200 nm 
Methanol/water 
initial 
σ = 9.9 nm 
= ~ 7 L 
σ = 200.7 
 
~ 20 σ ~ 202 nm 
Methanol/water  
after 2 h 
 
σ = 5.6 nm 
= ~ 4 L 
 
σ = 150.3 nm 
 
~ 27 σ ~ 150 nm 
Ethanol/water  
initial 
σ = 6.9 nm 
= ~ 5 L 
σ = 170.6 nm ~ 25 σ ~ 170 nm 
 
Ethanol/water 
after 2 h 
 
σ = 4.5 nm 
= ~ 3 L 
σ = 90.1 nm 
 
~ 20 σ ~ 90 nm 
IPA/water 
initial 
σ = 6.8 nm 
= ~ 5 L 
σ = 160.4 nm 
 
~ 24 σ ~ 158 nm 
IPA/water 
after 2 h 
 
σ = 4.3 nm 
= ~ 3 L 
 
σ = 80 nm 
 
~ 19 σ ~ 80 nm 
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follows a similar trend to the observed changes to the lateral dimension (Table 4.1). 
The largest average thickness of the initial molybdenum oxide nanoflakes is found to 
be ~26 nm in NMP/water mixture, while the smallest is ~7 nm in IPA/water mixture. 
However, after the solar illumination, the average thicknesses of these flakes are 
reduced to ~20 and ~4 nm, respectively [163]. 
 
This is due to the photo-enhanced H+ intercalation, leading to further exfoliation 
[163, 164]. Moreover, the rapid process of H+ intercalation in the presence of solar light 
causes the formation of OH2 groups and then oxygen vacancies in molybdenum oxide 
nanoflakes [163], which results in crystal deformation and cracking in both intra-layer 
and inter-layer directions [165] hence reducing the lateral dimension and thickness of 
the flakes [163].  
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Figure  4.5. The AFM morphological characterizations of 2D molybdenum oxide flakes 
before the solar illumination in different mixtures: (a) NMP/water, (c) 
acetonitrile/water, (e) methanol/water, (g) ethanol/water and (i)  IPA/water; and after 
the solar illumination in solvent/water mixtures of (b) NMP/water, (d) 
acetonitrile/water, (f) methanol/water, (h) ethanol/water and (j)  IPA/water mixtures. 
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Figure  4.6. Histograms showing the distribution of 2D molybdenum oxide nanoflakes 
thickness before and after the solar light illumination in different mixtures. The 
histograms are sampled using 100 flakes each from the AFM data. 
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As the exfoliated material is 2D, with a lateral dimension in the order of hundreds of 
nanometers, the interaction between the solvent and nanoflakes is assumed to primarily 
occur at the basal plane surface [36]. A model to describe the balance of van der Waals 
intercalations is based on the enthalpy of nanoflake dispersion mix (ΔHmix) in the 
solvent per volume of the mixture (Vmix) as follows [36, 41]:  
                T୤ ൎ ଶ௏೘೔ೣ୼ு೘೔ೣ 	ൈ ൫ඥߛ௦ െ √ߛ୤൯
ଶ ൈ ߶                                                (4.1) 
where T୤ is the nanoflake thickness, ߶ is the dispersed nanoflake volume fraction, and 
ߛୱ	and ߛ୤ are the total surface energies of solvent and nanoflakes, respectively. 
 
The surface energies of the initial solvent/water mixtures are presented in Table 4.2, 
and their values are all higher than the surface energy of MoO3 (54-62 mJ/m2) [166]. 
From equation (4.1), the PhD candidate expected a minimal energy cost of exfoliation 
for solvent/water mixtures whose surface energy close to MoO3[41]. In addition, the 
thickness of the nanoflakes is quadratically dependent on the difference between 
surface energy of the solvent and MoO3 (Figure 4.2c). As predicted, the lateral 
dimension and thickness of the exfoliated nanoflakes are reduced concomitantly with a 
lowering of the surface energies of the mixtures in the order of NMP/water, 
acetonitrile/water, methanol/water, ethanol/water, and IPA/water, where the closest 
surface energy to MoO3 is found to be in IPA/water mixture corresponding to smallest 
size and thickness. 
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Table 4.2. Summary of the surface energies of the five solvent mixtures, which are 
linked to their surface tensions [36, 167-169]. 
 
Mixtures ߛ௦ (mJ/m2) 
NMP/water 85.45 
Acetonitrile/water 80.05 
Methanol/water 76.75 
Ethanol/water 76.45 
IPA/water 76.25 
 
On the other hand, the similarity in HSP parameters of the mixtures and 
molybdenum oxide can be related to the exfoliation yield of the nanoflakes. The 
dispersion of nanoflakes in liquid mixtures can be partially predicted by the HSP theory 
[40, 170], which is a semi-empirical equation to present the dissolution behavior [40, 
170]. The interaction distance (Ra) between Hansen parameters is used for evaluating 
the level of adaptation between the suspension and the solvent as [40, 170]: 
  Ra=	ඥሾ4 ൈ ሺߜୈୗ െ ߜୈ୊ሻଶ ൅ ሺߜ୔ୗ െ ߜ୔୊ሻଶ ൅ ሺߜୌୗ െ ߜୌ୊ሻଶሿ                         (4.2) 
Three HSP parameters are used for describing the character of a solvent (ߜୗ) and a 
flake material (ߜ୊) with the respect to dispersive (δD), polar (δP), and hydrogen-bonding 
(δH) solubility parameters. The smaller the Ra value leads to higher expected solubility 
and hence larger production yield. Also, the concentration (C) of 2D materials 
dispersed in the mixture is maximized when the solubility parameters for the mixtures 
and 2D material match, which can be approximated by [36, 69]: 
                   C ∝ exp ቂെ ௩ూ	ଷ௞் ሺߜ୘ୗ െ ߜ୘୊ሻଶቃ                                      (4.3) 
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where δTS and δTF represents the Hildebrand solubility parameters of solvent and MoO3 
flakes, and vF represents the molecular volume of the MoO3 flakes. For 2D MoO3, its 
ߜ୘୊	is estimated to be 20.7 MPa1/2	 from similar examples [69]. Its HSP parameters are 
δDF = 17.8 MPa1/2, δPF = 8 MPa1/2, and δHF = 6.5 MPa1/2 [36, 69].  
Table 4.3. Summary of five solvent mixtures HSP [170-172], and Hildebrand 
solubility parameters [168, 173], and the solubility calculations of 2D molybdenum 
oxide nanoflakes in different mixtures [69]. 
 
From equations (4.2) and (4.3), the trend for Ra and (δ୘ୗ െ δ୘୊) values are extracted 
from HSP and Hildebrand solubility parameters to confirm that it follows the order of 
NMP/water, acetonitrile/water, IPA/water, ethanol/water, and methanol/water, 
respectively (Table 4.3). Notably, this indicates that the highest production yield of 2D 
MoO3 nanoflakes is realized for the NMP/water mixture, while the lowest production 
yield is obtained from the methanol/water mixture. 
This is experimentally validated using TGA to determine the exfoliation yield [163]. 
Measuring the yield of exfoliated material is not trivial, since classical methods can 
lead to incorrect estimations. Photometric analysis is not accurate due to size dependent 
spectral changes of MoO3 nanoflakes. Wet chemical analysis and inductively coupled 
plasma mass spectrometry (ICP-MS) or atomic absorption spectroscopy can also result 
Mixtures ߜୈୗ 
(MPa1/2) 
ߜ୔ୗ 
(MPa1/2) 
ߜୌୗ 
(MPa1/2) 
Ra 
(MPa1/2) 
ߜ୘ୗ 
(MPa1/2) 
ߜ୘ୗ െ ߜ୘୊ 
(MPa1/2) 
NMP/water 16.75 14.15 24.75 19.37 35.40 14.70 
Acetonitrile/water 15.40 17.00 24.20 20.60 35.95 15.25 
IPA/water 15.65 11.05 29.35 23.50 36.05 15.35 
Ethanol/water 15.65 12.40 30.85 25.10 37.15 16.45 
Methanol/water 15.30 14.15 32.30 26.99 38.70 18.00 
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in misleading values, since both MoO3 nanoflakes and dissolved molybdic acid are 
present in the suspensions and cannot be distinguished by those methods. Finally, 
gravimetric techniques are impacted by the large amount of surface bound solvent 
molecules, which can constitute up to 70% of the dried sample [174].  
 
 
Figure  4.7. (a) The collected 2D molybdenum oxide flakes from 24 mL of the five 
suspensions after centrifuge at very high speed. (b) TGA diagram of the collected 
flakes were tested in nitrogen/air gas at temperatures between 25 to 800 °C. The flakes 
show weight loss at relatively low temperatures indicating that organic solvent residues 
were present [174]. The mass of the precipitate was evaluated at stable temperature of 
400 °C of the five suspensions as shown in the inset. The concentration of the 2D 
MoO3 flakes based on the assessed mass are measured as ~0.033, ~0.022, ~0.018, 
~0.006, and ~0.004 mg mL-1 in NMP/water, IPA/water, ethanol/water, and 
methanol/water, and acetonitrile/water mixtures, respectively. 
 
Quantitative gravimetric analysis using TGA can overcome this limitation and lead 
to a more accurate estimation of the yield (Figures 4.1 and 4.7). The yields of the 2D 
MoO3 flakes are measured as ~0.033, ~0.022, ~0.018, ~0.006, and ~0.004 mg mL-1 in 
NMP/water, IPA/water, ethanol/water, and methanol/water, and acetonitrile/water 
mixtures, respectively.   
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The experimental trend (Figure 4.7) matches the calculated parameters (Table 4.3) 
except for the case of the acetonitrile/water mixture. This is perhaps due to the high 
affinity of acetonitrile for water molecules, resulting in an unexpected increase of the 
Ra value as well as the HSP and Hildebrand solubility parameters and hence a slightly 
lower than expected production yield [175]. The colloidal stabilities of 2D MoO3 
nanoflakes in different solvent mixtures are evaluated using zeta potential 
measurements. From Table 4.4, the zeta potential values for all mixtures are negative, 
in which the most negative is found in IPA/water mixture (-95.5 mV) while the least 
lowest is in NMP/water mixture (-7.54 mV). As the larger absolute zeta potential value 
indicates more electrostatically stability of the suspension [176], it is implied that the 
IPA/water mixture may be the most stable and NMP/water mixture is the least. Their 
long term stabilities will be discussed in detail in the later sections. 
 
Table 4.4. The Zeta potential measurement values of initial 2D molybdenum oxide 
flakes in different mixtures. 
Zeta potential mV 
NMP/water -7.54 
Acetonitrile/water -10.6 
Methanol/water -12.1 
Ethanol/water -31.16 
IPA/water -95.5 
 
4.3.2 Structural Characterizations of 2D molybdenum oxide nanoflakes 
The XRD was utilized to assess the crystal structure of 2D molybdenum oxide flakes 
before and after solar irradiation in different mixtures (Figure 4.8).  
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The XRD patterns show that the initial 2D molybdenum oxide nanoflakes are made 
of crystalline orthorhombic Mo17O47 in the NMP/water sample, while others are made 
of orthorhombic α-MoO3 (Figure 4.8) [177]. The dominant peaks in NMP/water 
mixtures observed at 9.89 and 24.48° 2θ, correspond to (1 2 0) and (4 4 0) planes of 
Mo17O47, respectively; while for the other solvents peaks at 12.8, 25.7, and 39° 2θ, 
correspond to (0 2 0), (0 4 0), and (0 6 0) planes of α-MoO3, respectively. This 
observation was also confirmed by HRTEM and selective area electron diffraction 
(SAED) patterns (Figure 4.9).  
 
 
Figure  4.8. The XRD patterns of initial 2D molybdenum oxide nanoflakes in different 
mixtures. The initial XRD pattern in: (a) NMP/water mixtures show that the flakes are 
made of orthorhombic Mo17O47 with lattice parameters of a = 21.61 Å, b = 19.63 Å, c = 
3.951 Å (ICDD no: 76-1683), while in (b) acetonitrile/water, (c) methanol/water, (d) 
ethanol/water and (e) IPA/water the patterns show that the flakes are made of 
crystalline orthorhombic α-MoO3 with lattice parameters of a = 3.963 Å, b = 13.85 Å, 
c = 3.696 Å (ICDD no: 35-0609). Peaks corresponding to hydrated MoO3 (ICDD No: 
72-1051) are denoted by * [111].  
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However, after solar light illumination, some of the lattice fringes appear disordered 
after the solar illumination as a consequence of defect and oxygen vacancies generation 
upon the H+ intercalation, which confirmed the presence of polycrystalline ring SAED 
pattern in all mixtures (Figure 4.9) [53, 163]. 
 
 
Figure  4.9. HRTEM image and its corresponding SAED of: (a) initial 2D Mo17O47 
nanoflakes in NMP/water mixtures and (b) after the solar light illumination. The initial 
of 2D α-MoO3 nanoflakes in mixtures of: (c) acetonitrile/water and (d) after the solar 
light illumination, (e) methanol/water and (f) after the solar light illumination, (g) 
ethanol/water and (h) after the solar light illumination, (i) IPA/water and (j) after solar 
light illumination.  
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Figure  4.10. The Raman spectra of the 2D molybdenum oxide flakes before and after 
solar irradiation in (a) NMP/water, (c) acetonitrile/water, (e) methanol/water, (g) 
ethanol/water and (i) IPA/water mixtures. The corresponding XPS Mo3d spectra before 
and after solar irradiation in (b) NMP/water, (d) acetonitrile/water, (f) methanol/water, 
(h) ethanol/water and (j) IPA/water mixtures. 
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The Raman spectra of the molybdenum oxide flakes in different mixtures, before 
and after solar illumination, were also investigated (Figure 4.10a,c,e,g,i). Strong Raman 
peaks in the initial samples are observed at 280, 335, 666, 820 and 994 cm-1 in the 
ethanol/water sample (Figure 4.10g), which are all in good agreement with 
orthorhombic α-MoO3 phase [22, 136]. The peak at 280 cm-1 represents the bending 
mode for the double bond (Mo=O) vibration, and the peak at 666 cm-1 is assigned to 
the triply coordinated oxygen (Mo3–O) stretching mode, which results from edge-
shared oxygen atoms common to the three adjacent octahedral [22, 136]. The peak at 
820 cm-1 is related to the doubly coordinated oxygen (Mo2–O) stretching mode, which 
results from corner-sharing oxygen atoms common to the two octahedrals [22, 136]. In 
addition, the 994 cm-1 peaks are assigned to the terminal oxygen (Mo6+=O) stretching 
mode, which is resulted from an unshared oxygen, and finally the peak at 335 cm-1 can 
be assigned to the bending mode of Mo3–O [22, 136]. Other peak at 217 cm-1 
represents the lattice deformation mode of orthorhombic α-MoO3 [22]. 
For the acetonitrile/water, methanol/water and IPA/water samples (Figure 4.10c,e,i), 
an additional peak is observed at 962 cm-1 which can be assigned to Mo=O stretching 
mode of slightly sub-stoichiometric MoO3-x [136, 178]. For the NMP/water sample 
(Figure 4.10a), traces of MoO3-x are also identified by two additional peaks at 483 and 
750 cm-1 due to the modification of the original Mo2–O bond [22, 136, 178]. From 
Raman analysis, the existence of some sub-stoichiometry in the initial 2D molybdenum 
oxide nanoflakes can be possibly due to the intercalation of H+ from the solvent in the 
presence of significant heat and force generated during the sonication process, which 
can eventually create oxygen vacancies [179-181]. The highest sub-stoichiometry is 
found in NMP/water sample, possibly due to the fact that NMP is a known oxygen 
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scavenger [182, 183], which contributes to increased oxygen removal compared to all 
other solvent mixtures evaluated in this study [182, 183].  
After exposure to solar light, the dominant Raman peaks appearing at 236, 483, 750 
and 850 cm-1 correspond to the formation of MoO3-x [22], while the intensity of the α-
MoO3 Raman peaks gradually decrease in all samples (Figure 4.10a,c,e,g,i). The peaks 
at 236 cm-1 can be assigned to the doubly coordinated oxygen Mo2–O bending mode of 
MoO3-x, while the peaks at 483, 750 and 850 cm-1 can be assigned to Mo3–O, Mo2–O 
and Mo=O stretching modes, respectively [22, 178].  
In addition to the Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) 
analysis was also conducted to further validate the sub-stoichiometry of the 2D 
nanoflakes before and after solar light illumination (Figure 4.10b,d,f,h,j). The XPS 
analysis survey shows that there is no existence of impurities or organic sorts on the 
surface of the initial samples were observed from the residue of a liquid-based organic 
solvent-assisted grinding and sonication method (Figure 4.11).  
 
Figure  4.11. XPS survey spectra of the initial 2D molybdenum oxide nanoflakes 
in different mixtures. 
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Moreover,  The observed doublets in each of the samples centered at 232.58 and 
235.48 eV are characteristic of fully-stoichiometric MoO3 and may be attributed to 
higher oxidation states of Mo6+ 3d5/2 and Mo6+ 3d3/2, respectively (Figure 4.10b,d,f,h,j) 
[111, 136, 184]. However, after the solar irradiation, doublet peaks centered at 231.38 
eV for Mo5+ 3d5/2 and 234.38 eV for Mo5+ 3d3/2 are detected for all samples, indicating 
the presence of MoO3-x (Figure 4.10b,d,f,h,j) [136].  
Figure 4.12a shows the electronic band structure of 2D molybdenum oxide flakes in 
different mixtures constructed using a combination of PESA, Tauc plot analysis, and 
valence photoemission spectroscopy both before and after solar light illumination 
(Figures 4.13, 6.14 and 6.15, and Table 4.5).  
The band gap energy (Eg) is evaluated using Tauc plot (Figure 4.14), and the EF is 
evaluated from PESA measurements (Figure 4.13) together with valence 
photoemission spectroscopy (Figure 4.15) [163]. The ionization energy (IE) is 
measured by PESA, which is correlated to the valence band maximum (VBM), is 
below water oxidation potential (H2O/O2 ~ 5.3 eV respect to vacuum (vac)) of all the 
initial samples (Figure 4.12a) [163].  
Furthermore, the electron affinity (EA) which is correlated to the conduction band 
minimum (CBM), is above water reduction potential (H+/H2~ 4 eV respect to vac) for 
the initial samples and is obtained using PESA and Tauc plots [163, 185]. The VBM 
and CBM are also evaluated in different mixtures after the solar irradiation (Figure 
4.12a). 
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Figure  4.12. (a) The assessed electronic band structure values of 2D molybdenum 
oxide samples before and after solar illumination in different mixtures. (b) The valence 
photoemission spectroscopy of the initial 2D molybdenum oxide samples in different 
mixtures. (c) The sub-stoichiometric molybdenum oxide valence photoemission 
spectroscopy patterns in different mixtures after solar illumination. 
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Figure  4.13. PESA measurements on a thin-film made of sub-stoichiometric 
molybdenum oxide flakes in different mixtures before and after the solar light 
illumination and the determination of VBM from PESA measurements [163, 185].  
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Figure  4.14. Tauc plot of the form (ahv)1/2 used for determining the Eg of sub-
stoichiometric molybdenum oxide flakes in different mixtures before and after solar 
light illumination [163, 185]. 
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Figure  4.15. Valence photoemission spectra of sub-stoichiometric molybdenum oxide 
flakes at low binding energy region near EF in different mixtures before and after solar 
light illumination [163, 186]. 
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Table 4.5. The summary of values used for obtaining the energy level diagram of 2D 
molybdenum oxide flakes in different mixtures before and after the solar irradiation 
[163].  
 
 
 
 
 
 
 
 
 
 
 
 
In contrast to the initial sample, solar light irradiation shifts the EF upward towards 
the CB in all samples, which indicates the increase in the doping level arising from 
oxygen vacancies [163, 187]. Furthermore, the bandgap energy (Eg) is slightly reduced 
in all samples (Figure 4.12a). Interestingly, the EF of 2D molybdenum oxide flakes in 
the NMP/water sample is higher than the CBM, which indicates its metallic properties 
are stronger than the other samples. Moreover, the PhD candidate believes because of 
the photo-excitation, the solvent oxidation is competing with the water oxidation, 
Mixtures VBM (eV) 
Eg  
(eV) 
CBM 
(eV) 
 
Relative position of 
EF with respect to 
VBM (Er ) (eV) 
 
Work function 
(ɸ) = IE- Er (eV) 
NMP/water  
initial 
 
5.33 
 
 
2.84 
 
2.49 
 
2.60 
 
 
2.73 
 
NMP/water  
after 2 h 
 
5.21 
 
 
2.76 
 
 
2.45 
 
 
2.80 
 
 
2.41 
 
Acetonitrile/water 
initial 
 
5.43 
 
 
3.05 
 
 
2.38 
 
 
2.60 
 
 
2.83 
 
Acetonitrile/water 
after 2 h 
 
5.34 
 
 
2.96 
 
 
2.38 
 
 
2.91 
 
 
2.43 
 
Methanol/water 
initial 5.45 2.95 
 
2.50 
 
2.40 3.05 
Methanol/water 
after 2 h 
 
5.35 
 
 
2.90 
 
 
2.45 
 
 
2.89 
 
 
2.46 
 
Ethanol/water 
initial 5.58 2.85 
 
2.73 
 
 
2.50 
 
3.08 
Ethanol/water 
after 2 h 
 
5.38 
 
 
2.81 
 
 
2.57 
 
 
2.80 
 
 
2.58 
 
IPA/water  
initial 
 
5.59 
 
 
2.98 
 
 
2.61 
 
 
2.60 
 
 
2.99 
 
IPA/water  
after 2 h 
 
5.39 
 
 
2.92 
 
2.47 
 
2.90 
 
 
2.49 
 
Chapter 4: Exfoliation Solvent Dependent Plasmon Resonances in Two Dimensional Sub-
Stoichiometric Molybdenum Oxide Nanoflakes 
89 
 
leading to reduced H+ intercalation.  In order to explain the solvent oxidation 
mechanism, the PhD candidate classified the solvents in two groups: protic solvents, in 
which the molecules of the solvent are hydrogen bonded to each other including 
methanol, ethanol, IPA, and aprotic solvents, in which the molecules of the solvent are 
not hydrogen bonded to each other including NMP and acetonitrile [188].  
In protic solvents, IPA is the more easily oxidized than ethanol and methanol, which 
implies that water oxidation and H+ intercalation are of lower degrees for IPA in 
comparison to ethanol and methanol [189]. This is because of the activation energy (Ea) 
(IPA < ethanol < methanol), wherein the lowest Ea value shows the best electro-
oxidation activity [74].  
However, aprotic solvents such as NMP and acetonitrile are of limited strength for 
oxidation and water molecules are also less firmly bonded to those solvents [75, 76]. 
Moreover, NMP has the highest proton affinity (~920 kJ mol-1) [190-192] and smallest 
proton dissociation lifetime [191-193]. This leads to a higher degree of H+ intercalation 
process in NMP than acetonitrile.  
The free electron concentrations (N) per unit volume (cm-3) for different samples 
after solar light illumination are estimated from the Mo5+/Mo6+ area ratio in MoO3-x, 
which are extracted from the XPS measurements (Table 4.6). It is found that N 
increases for all samples upon solar light irradiation as the oxygen vacancies increase 
[194].  
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Table 4.6. Estimated sub-stoichiometries, free electron concentrations and phases of 
2D molybdenum oxide flakes for different mixtures upon 2 h of solar light irradiation. 
 
Mixtures 
 
 
XPS area ratio 
of (Mo5+/Mo6+) 
 
 
Sub-stoichiometric 
(x) of MoO3-x 
 
 
Estimated free 
electron concentration 
 (N) (cm-3) 
 
 
Phases 
 
NMP/water 0.470 0.240 9.8 1021 MoO2.75 
Acetonitrile/water 0.375 0.187 7.35 1021 
 
MoO2.80 
 
Methanol/water 0.250 0.125 4.92 1021 
 
MoO2.875 
 
Ethanol/water 0.167 0.084 3.28 1021 
 
MoO2.90 
 
IPA/water 0.125 0.063 2.46 1021 
 
MoO2.937 
 
 
Figure 4.12b shows the valence photoemission spectra of sub-stoichiometric 2D 
molybdenum oxides at low binding energies before solar irradiation for different 
samples. However, after the solar light irradiation (introducing oxygen vacancies) a 
new occupied state appears within the Eg of MoO3-x, labeled d in Figure 4.12c [163].  
This defect state arises because an O2- ion is removed from the VB of MoO3-x [163, 
194]. The previously empty 4d band of MoO3 becomes partially occupied with 
electrons, giving rise to the defect band (1.28 eV below EF) which is enhanced in 
intensity by increasing the solar light irradiation duration (Figure 4.12c) [163, 194]. 
More importantly, such a defect band represents shallow donor states which donate 
free electrons into molybdenum oxide nanoflakes [60, 194, 195], resulting in the 
enhancement of free electron concentration of the nanoflakes and theoretically blue-
shifting the plasmon resonances peaks in both thickness and lateral dimension axes of a 
2D plasmonic system (detailed discussion will be presented in the next section (4.3.3)).  
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4.3.3 Plasmonic properties of 2D molybdenum oxide nanoflakes 
The optical properties of the molybdenum oxide nanoflakes were investigated using 
UV-vis-NIR spectroscopy. The UV-vis-NIR spectra of the initial samples are shown in 
Figure 4.16, with no obvious absorption peak in the visible light region for pristine 2D 
MoO3 flakes.  
 
Figure  4.16. The UV-vis-NIR absorbance spectra of the initial 2D molybdenum oxide 
in different mixtures. Sub-stoichiometric 2D MoO3–x in NMP/water mixtures is 
annotated using black star. 
 
However, after solar illumination (Figure 4.17 and Table 4.7), two broad absorption 
plasmonic peaks of different intensities appear in all mixtures. For the IPA/water 
sample, a low intensity absorption peak is centered at 690 nm, while a high intensity 
peak is centered at 1000 nm. Remarkably, the intensities of those two absorption 
plasmon peaks decrease in the ethanol/water sample and are blue shifted to 680 and 
990 nm, respectively. Moreover, a continuous decreasing trend in the intensities of 
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these two peaks together with a blue shifting of ~10 nm in the methanol/water and 
acetonitrile/water samples are seen. However in the NMP/water sample, one broad 
absorption peak with a relatively higher intensity in comparison to all other samples 
was observed. This broad peak can be fitted using Gaussian peak-fitting into two peaks 
centered at 630 and 900 nm, matching the previous blue shifting trend of the peaks 
(Figure 4.17). The existence of the absorption plasmon peaks confirms our Mie-Gans 
calculations (the equations were presented previously in chapter 3 and Tables 4.8a,b in 
this chapter). The flakes’ average lateral dimension and thickness in Table 4.8a were 
obtained previously by TEM and DLS measurements. Here, the high-frequency relative 
dielectric constant ߝஶ which is equal to ~ 45 [10]. 
 
 
Figure  4.17. The UV-vis-NIR absorbance spectra of the samples after solar light 
illumination in different solvent/water mixtures. 
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Table 4.7. The absorbance values of the plasmon resonances peaks for both thickness 
and lateral dimension axes of 2D molybdenum oxide flakes in different mixtures after 
solar light irradiation. 
 
Table 4.8. Summary of plasmon resonances parameters of 2D molybdenum oxide flake 
prepared using different solvent/water mixtures after solar light illumination. (a) 
Theoretical calculations using Mie-Gans theory [136]. (b) Corresponding experimental 
result.  
(a) 
 
 
 
 
Mixtures 
λmax at the 
thickness axis 
(nm) 
Absorbance at λmax 
of the thickness  
axis 
λmax at the lateral 
dimension axis 
(nm) 
 
Absorbance  at 
λmax of  lateral 
dimension axis 
 
NMP/water 630 0.756 900 0.975 
Acetonitrile/water 660 0.129 970 0.186 
Methanol/water 670 0.297 980 0.377 
Ethanol/water 680 0.400 990 0.463 
IPA/water 690 0.546 1000 0.690 
Mixtures 
Refractive 
index (݊) 
[188] 
λmax  for 
thickness 
axis (nm) 
Flakes average  
thickness   
(nm) 
λmax for lateral 
dimension 
axis (nm) 
Fakes average 
lateral dimension  
(nm) 
NMP/water 1.4 631 19 896 380 
Acetonitrile/water 1.335 661 9 973 195 
Methanol/water 1.32 673 6.5 986 152 
Ethanol/water 1.345 681 5.2 974 90 
IPA/water 1.355 694 5 1007 85 
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(b) 
 
 
 
 
 
 
 
 
The plasmon absorption peak response is known to be aspect ratio-dependent [67, 
73, 136, 196]. The PhD candidate associates the peak with the low intensity ranged 
between 630 and 690 to the thickness (thickness axis) and the peak of the higher 
intensity (900-1000 nm) to the lateral dimension (lateral dimension axis). Nevertheless, 
according to Mie-Gans calculations, the variation in the plasmonic peaks with respect 
to the average aspect ratios of MoO3-x nanoflakes is almost the same for all samples. In 
this case, this can be due to strong dependency on the free electron concentration rather 
than aspect ratio of the flakes, in which the absorbance spectrum of the material 
(NMP/water) with larger electron concentration is blue-shifted compared to that with 
lower free electron concentration (IPA/water) [196, 197]. The extinction coefficients 
associated with both axes are high (ε > 109 L.mol-1.cm-1) for all solar light irradiated 
samples as shown in Table 4.9. The calculation of the extinction coefficients is 
described in details by the equations presented as follows and Table 4.10 [198]:  
                                   ε = Abs / (C  d0 )                                                           (4.4) 
Mixtures 
λmax for 
thickness axis 
(nm) 
Flakes average  
thickness    
(nm) 
λmax for lateral 
dimension axis 
(nm) 
Fakes average 
lateral dimension 
(nm) 
NMP/water 630     20.8             900          380 
Acetonitrile/water 660   9.8 970 200 
Methanol/water 670   5.6 980 150 
Ethanol/water 680   4.5 990 90 
IPA/water 690   4.3 1000 80 
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where ε is the extinction coefficient (εt : extinction coefficient at λmax of the thickness 
axis and εl : extinction coefficient at λmax of the lateral dimension axis); Abs is the 
absorbance at λmax (see Table 4.7 for the values) and d0  is the path length of light 
through the sample (usually 1 cm for cuvette). C is the molar concentration of the 
flakes and calculated as follows: 
                                               C = Nf / NA                                                      (4.5) 
where NA is the Avogadro constant. Nf is the number of the flakes per liter. 
                                             Nf = (M / m) / Vsc                                                      (4.6) 
where Vsc is the volume of supernatant in the centrifuge tubes for each solvent (24 mL); 
M is the mass of flakes in 24 mL of suspension using TGA measurements. m is the 
mass of a single flake, in which 
                                     m = mcell   (Lav)^2  (Tav) / Vcell                                      (4.7) 
where mcell is the mass per unit cell = NMo  AMo + NO  AO  (NMo  and NO are the 
number of molybdenum (Mo) and oxygen (O) per unit cell, respectively; AMo and AO 
are the relative atomic mass of (Mo = 95.94) and (O = 15.99), respectively.); Vcell is the 
volume per unit cell; Lav and Tav are the average lateral dimension and thickness of the 
nanoflakes, respectively. 
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Table 4.9. The extinction coefficients of the thickness and lateral dimension axes of the 
samples in different mixtures after solar light irradiation. 
 
The long term stabilities of 2D MoO3-x suspension in different solvent 
mixtures after 3 month storage at RT were investigated using Raman and UV-vis-
NIR spectroscopy. As shown in Figure 4.18, there is no significant alteration of 
Raman and absorbance spectra observed in ethanol/water and IPA/water mixtures. 
Table 4.10. The parameters of the 2D molybdenum oxide nanoflakes for the extinction 
coefficient calculations. 
Mixtures λmax at the thickness  axis (nm) 
εt          
(L.mol-1.cm-1) 
λmax at the lateral 
dimension axis (nm) 
εl           
(L.mol-1.cm-1) 
NMP/water 630 1.90 1011 900 2.45 1011 
Acetonitrile/water 660 3.54 1010 970 5.10 1010 
Methanol/water 670 1.77 1010 980 2.25 1010 
Ethanol/water 680 2.29 109 990 2.65 109 
IPA/water 690 1.85 109 1000 2.34 109 
Mixtures Vf (m3) M (g)       mcell (g)       Vcell (cm3)      m (g)     Nf (L-1) 
 
     C (mol L-1) 
 
NMP/ water    3.00 10-21 0.792 10-3   9.29 10-22    2.02 10-22 1.37 10-14 2.40 1012 3.98 10-12 
Acetonitrile/ water  3.92 10-22 0.096 10-3 1.88 10-21   4.05 10-22 1.82 10-15 2.20 1012 3.65 10-12 
Methanol/  water     1.26 10-22 0.142 10-3  1.88 10-21   4.05 10-22 5.85 10-16 1.01 1013 1.68 10-11 
Ethanol/ water  3.64 10-23 0.430 10-3  2.84 10-21   6.08 10-22 1.69 10-16 1.05 1014 1.75 10-10 
IPA/water   2.75 10-23 0.549 10-3  3.79 10-21   8.11 10-22 1.28 10-16 1.78 1014 2.95 10-10 
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Figure  4.18. The Raman spectra of the 2D molybdenum oxide samples after 2 h solar 
irradiation (fresh samples) and after 3 month of the same fresh samples in (a) 
NMP/water, (c) acetonitrile/water, (e) methanol/water, (g) ethanol/water and (i) 
IPA/water mixtures. The UV−vis−NIR absorbance spectra of the 2D molybdenum 
oxide after 2 h solar irradiation (fresh samples) and after 3 month of the same fresh 
samples in (b) NMP/water, (d) acetonitrile/water, (f) methanol/water, (h) ethanol/water 
and (j) IPA/water mixtures. 
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However, for the acetonitrile/water and methanol/water mixtures, their sub-
stoichiometry are significantly lower as their Raman peaks at ~820 cm-1 related to full 
stoichiometry are enhanced and both plasmonic peaks exhibit red-shifts, indicating 
their oxygen vacancies are recombined over time. For the NMP/water sample, its 
plasmonic absorption peak is obviously narrowed while there is no significant 
difference can be found in its Raman peaks related to sub-stoichiometry, possibly 
indicating its aspect ratio (lateral dimension over thickness in a 2D system) is altered 
over time. This is confirmed by the optical image (Figure 4.19) and AFM analysis 
(Figure 4.20), in which significant aggregation of the nanoflakes is observed possibly 
due to the relatively electrostatic instability in NMP/water sample (see the zeta 
potential values presented in Table 4.4).   
The relationship between the free electron concentration and the plasmonic 
resonances peak position was also confirmed by EELS [184, 199, 200]. Figure 4.21a-j 
shows the EELS spectra collected from the samples of 2D molybdenum oxides 
corresponding to STEM images before and after solar light illumination. A Gaussian 
peak-fitting technique is employed to extract the plasmon and the interband transition 
modes from the spectra shown in Figure 4.21a-j. For the initial 2D molybdenum oxide 
(Figure 4.21a,c,e,g,i), deconvoluted peaks centered at 5.4 eV (acetonitrile/water), 
5.7 eV (ethanol/water), 6.4 eV (methanol/water) and 6.5 eV (NMP/water and 
IPA/water) appear which can be ascribed to interband transitions [184, 201]. Prominent 
peaks centered between 12.2-15.8 and 24.5-26.8 eV are observed, which can be 
attributed to the plasmon modes induced by valence electrons in outer atomic cells 
[184]. Also, a broad peak centered at 36.5-37.7 eV and 49.6 eV can be assigned to the 
core-loss transition from Mo-4p excitation [184]. 
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Figure  4.19. The optical image of 2D molybdenum oxide nanoflakes in the NMP/water 
mixtures (a) fresh and (b) after 3 month of storage at RT. It shows that there is 
significant amount of precipitate in the suspension after 3 month due to the aggregation 
of the 2D nanoflakes. 
 
 
Figure  4.20. (a) The AFM image of 2D molybdenum oxide nanoflakes in the 
NMP/water mixture after 3 month of storage at RT. (b) Height profile of a typical flake 
along the pink line in the AFM image. (c) Histogram showing the AFM thickness 
distribution of the flakes after 3 month in NMP/water mixtures. (d) AFM lateral size 
distribution of the flakes after 3 month in NMP/water mixtures. Both histograms are 
sampled using 100 flakes each from the AFM data. 
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Figure  4.21. The EELS spectra of the initial 2D nanoflakes in (a) NMP/water, (c) 
acetonitrile/water, (e) methanol/water, (g) ethanol/water and (i) IPA/water mixtures 
with the corresponding STEM images in inset. The EELS spectra of the 2D nanoflakes 
after solar light illumination in (b) NMP/water, (d) acetonitrile/water, (f) 
methanol/water, (h) ethanol/water and (j) IPA/water mixtures with corresponding 
STEM images in inset. The plural scattering (multiple plasmon resonances) were 
removed in these graphs to eliminate the thickness effect. 
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An additional strong peak appears only after solar illumination for all samples that 
centered at 7.5 eV (NMP/water), 6.7 eV (acetonitrile/water), 5.7 eV (methanol/water), 
4.4 eV (ethanol/water) and 4 eV (IPA/water), which can be attributed to the bulk 
plasmon resonance originating from the generated free electrons in the presence of 
oxygen vacancies (Figure 4.21b,d,f,h,j and Table 4.11). This can be further validated 
by the theoretical calculations for the bulk plasmon peak energies using the free 
electron gas model, expressed as follows [184]: 
                                     Ep =	԰߱୮= ћ ට ே௘మఌ೚	௠೐                                                     (4.8) 
where ħ is the reduced Planck constant, ߱୮ is the plasmon frequency (plasma 
frequency), the free electron concentration (N) is presented in Table 4.6, e is the 
elementary charge, εo is the permittivity of free space and me is the effective mass of 
electrons.  
Table 4.11. The summary of measured and theoretical values of bulk plasmon peaks 
after the solar irradiation. 
 
Mixtures Measured bulk plasmon peak position by EELS (eV) 
 
Calculated bulk plasmon 
peak position (eV) 
 
NMP/water 7.5 
 
8.1 
 
Acetonitrile/water 6.7 
 
7.1 
 
Methanol/water 
 
5.7 
 
 
5.8 
 
Ethanol/water 4.4 
 
4.7 
 
IPA/water 4.0 
 
4.1 
 
Chapter 4: Exfoliation Solvent Dependent Plasmon Resonances in Two Dimensional Sub-
Stoichiometric Molybdenum Oxide Nanoflakes 
102 
 
The highest value of the bulk plasmon peak mode position of 2D molybdenum 
oxide flakes is seen in the NMP/water sample, which correlates to the highest free 
electron concentration and strongest sub-stoichiometric level (x), while the lowest 
value is noted from the IPA/water sample, which correlates to the lowest free electron 
concentration (fewer oxygen vacancies) (Figure 4.22).  
 
 
Figure  4.22. Bulk plasmon peak assessed by the EELS of 2D molybdenum oxide 
flakes in different mixtures vs sub-stoichiometry level (x). 
 
4.3.4 Plasmonic Biosensing Application 
In order to further explore the applicability of our 2D plasmonic molybdenum oxide 
flakes, an optical biosensing system was devised in which BSA was used as a model 
protein for assessing the sensitivity. It was previously shown that BSA had a very high 
affinity to molybdenum oxide and was readily immobilized onto the surface of the 
flakes [136]. Suspended sub-stoichiometric 2D flakes in different mixtures were used 
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in these experiments. BSA immobilization on the oxide surface is achieved via 
collective van der Waals’ forces and electrostatic interactions between the protein 
functional groups and the surface of flakes [136, 158, 159]. The negatively charged 
immobilized BSA repels the free electrons present at the nanoflakes surface [136]. This 
leads to a decrease in the free electron density near the surface of the flakes, hence 
altering the plasmonic properties of 2D molybdenum oxide flakes [136]. As observed 
in Figure 4.23, upon the exposure to BSA of the concentration of 0.25 mg mL-1, the 
intensities of thickness-axis plasmonic peaks are reduced for all the samples but no 
obvious peak shift is seen. 
Figure 4.24a represents the response factor trend in different mixtures, and the 
response factor is defined as the ratio of 2D molybdenum oxide plasmonic peak 
intensity before BSA exposure over the peak intensity after BSA exposure. The highest 
response factor is found in the IPA/water sample that has the lowest free electron 
concentration and smallest flake size, while the lowest response factor is in NMP/water 
sample that correlates to the highest free electron concentration and largest flake size 
(Table 4.12). This is rationalized since the smaller sized nanoflakes produces a more 
confined electromagnetic field, making it more sensitive to BSA molecules [73].  
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Figure  4.23. The UV-vis-NIR absorbance spectra of sub-stoichiometric 2D 
molybdenum oxide samples in (a) NMP/water, (b) acetonitrile/water, (c) 
methanol/water, (d) ethanol/water and (e) IPA/water mixtures before and after the 
exposure of BSA with the concentrations of 0.25, 2.5, 5 and 10 mg mL−1. 
 
Table 4.12. The summary values of sensing and response factors of the sub-
stoichiometric 2D molybdenum oxide flakes at the thickness axis in different mixtures. 
The values are in response to 0.25 mg mL-1of BSA concentration. 
 
Mixtures 
λmax at the 
thickness axis 
(nm) 
Abs at λmax of the 
thickness  axis 
without BSA 
Abs at  λmax of the  
thickness axis 
with BSA 
Response 
factor at  
thickness axis 
NMP/water 630 0.756 
 
0.711 
 
1.063 
Acetonitrile/water 
 
660 
 
 
0.129 
 
0.116 1.11 
Methanol/water 670 
 
0.297 
 
 
0.224 
 
1.32 
Ethanol/water 680 0.400 
 
0.195 
 
2.05 
 
IPA/water 
 
690 0.546 0.078 7.00 
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Figure  4.24. (a) BSA response factors of the 2D molybdenum oxide biosensors based 
on different mixtures corresponding to thickness axis. BSA of 0.25 mg mL−1 is used in 
the measurements. (b) The corresponding BSA response factors of the biosensor as a 
function of the BSA concentration (0.25, 2.5, 5 and 10 mg mL−1). The BSA response 
factors values are extracted from Figure 4.23. 
 
Upon the increase of BSA concentration (Figure 4.24b and Figure 4.23), both the 
NMP/water and acetonitrile/water mixtures have a linear increase of the BSA response 
factors for up to 10 mg mL-1. However, for other mixtures, the linear responses 
increase at higher rates but become non-linear beyond the concentration of 5 mg mL-1. 
It is seen that the reduction in the intensity of the lateral-dimension-axis plasmonic 
peaks upon the BSA exposure are much more significant than those of thickness-axis 
related peaks for all samples since the lateral-dimension-axis plasmonic peaks here 
nearly disappear. This observation is similar to the plasmonic biosensing performances 
observed in one-dimension gold nanorods, where the plasmon absorption peak 
corresponding to longitudinal band of the nanorods is more sensitive to surface 
adsorptive changes than that of the transverse band [202, 203]. The structural stability 
of 2D MoO3-x nanoflakes after BSA exposure was investigated by the Raman 
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spectroscopy. Figure 4.25 reveals that after the exposure of BSA, the main Mo-O 
stretching Raman peaks of sub-stoichiometric molybdenum oxide in the region 
between 600 and 1000 cm-1 mostly remain for all mixtures, although there are 
significantly broaden possibly due to the organic interference from BSA. This indicates 
that the crystal structure of the 2D nanoflakes is not significantly altered upon the 
exposure of biological spices. 
 
Figure  4.25. The Raman spectra of the initial 2D molybdenum oxide samples in (a) 
NMP/water, (b) acetonitrile/water, (c) methanol/water, (d) ethanol/water and (e) 
IPA/water mixtures with and without the presence of BSA (2.5 mg mL−1). The 
exposure of BSA introduces Raman peak in the organic region (1100-1500 cm-1) (not 
shown in the figure). The * annotation indicates the signal of the glass substrate. 
 
4.4 Conclusions 
In this chapter, the PhD candidate presented her investigations on grinding-assisted 
LPE of 2D molybdenum oxide flakes by using different types of solvents and water 
mixtures, and showed the surface energy and solubility of solvent/water mixtures 
played important roles in modifying the thickness, lateral dimension and production 
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yield. Upon photo-excitation of the exfoliated 2D molybdenum oxide samples by 
simulated solar light, water oxidation and H+ intercalation of the flakes occurred. In 
protic solvents, solvent oxidation competition for water oxidation led to a reduced 
degree of the photo intercalation process. However, in aprotic solvents, the solvent 
oxidation reaction was relatively limited and the water oxidation reaction and photo H+ 
intercalation occurred with higher degrees.  
Increase in proton intercalation in 2D molybdenum oxide nanoflakes resulted in a 
significant increase in their free electron concentrations and change in their sub-
stoichiometry. The candidate observed that two plasmon resonance peaks emerged for 
each sample. These plasmon resonance peaks of the 2D molybdenum oxide nanoflakes 
were tunable in the visible range, depending on the choice of the exfoliation solvent. 
The plasmonic peak shifts were strongly dependent on free electron concentrations in 
the nanoflakes rather than their thickness and lateral dimensions.  
Additionally, 2D molybdenum oxide nanoflakes in all mixtures showed very high 
extinction coefficients in the order of ε > 109 L.mol-1.cm-1. Finally, biosensing 
capability of plasmonic 2D molybdenum oxide nanoflakes samples was demonstrated 
using BSA as a model protein. Altogether, the process presented in this paper was 
introduced as an efficient method for producing and tuning 2D flakes with plasmonic 
properties that will have future applications in many sensing and optical platforms.  
In the next chapter, the PhD candidate will investigate plasmonic 2D molybdenum 
oxide flakes for gas sensing applications in which H2 is selected as a model gas.  
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Chapter 5 : Sub-Stoichiometric Two-
Dimensional Molybdenum Oxide Flakes: A 
Plasmonic Gas Sensing Platform 
 
5.1 Introduction  
In the previous chapters, the generation of plasmon resonances in 2D molybdenum 
oxides at their various sub-stoichiometries in visible light range was presented. Due to 
the structural stability of stoichiometric 2D α-MoO3, it can be used in many 
fields including catalysts, biosensors and energy storage [204], where sub-
stoichiometric 2D molybdenum oxide (MoO3–x) is a suitable material for 
plasmonic and electronic applications because its electron concentration can be 
controlled to a high degree [136].  
In this chapter, the PhD candidate will demonstrate the outcomes of her 
investigations on using plasmonic 2D molybdenum oxide flakes for gas sensing 
applications in which hydrogen (H2) is selected as a model gas. The 2D molybdenum 
oxide flakes will be obtained using a grinding-assisted liquid exfoliation method and 
will be exposed to simulated sun to acquire its sub-stoichiometric quasi-metallic form. 
The novel 2D plasmonic sensing platform will be tested using different concentrations 
of H2 gas in various operating temperatures to comprehensively assess its sensing 
performance.  
The work presented in this chapter was published as an article in the journal of 
Nanoscale [184].  
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5.2 Experimental 
5.2.1 The Synthesis of 2D Molybdenum Oxide Flakes and Fabrication of the 
Plasmonic H2 Gas Sensors 
3 g of MoO3 powder (99% purity, from China Rare Metal Material Co.) was ground 
with 0.6 ml acetonitrile for 30 min. The powder was then dispersed in a 50 vol % 
ethanol/water mixture (45 mL), subjected to probe-sonication (Ultrasonic Processor 
GEX500) for 120 min at 125 W, and then centrifuged at 6000 rpm for 30 min at RT. 
The yellow/blue supernatant containing high concentrations of 2D MoO3 flakes was 
collected and transferred into small containers with 3 mL volume each. The supernatant 
was irradiated under the sun simulator (Abet Technologies LS-150) at the power of 100 
mW cm-2 for 5 h and subsequently drop-casted onto quartz substrates with the area of 
10 × 10 mm2 at a fixed amount of 100 µL. Subsequently the films were dried at 40 °C 
to allow water and ethanol residues to evaporate and form a rigid film for optical H2 gas 
sensing. A catalytic layer (50 wt.% Au and 50 wt.% Pd) with the thickness of ∼1 nm 
was sputtered onto the film surface to enhance the breakdown of H2 gas molecules. 
5.2.2 Characterization of 2D Molybdenum Oxide Flakes and their H2 Gas Sensing 
Performances 
Bruker Multimode 8 atomic force microscopy (AFM) was used for analysing the 
surface topography. The Raman spectra measurements were performed using a CRAIC 
20/30 PV microspectrophotometer with Raman capability (785 nm laser at the power of 
100 mW). The DLS analysis was obtained using an ALV 5022F spectroscope. X-ray 
diffraction (XRD) patterns were collected using a Bruker D4 ENDEAVOR. X-ray 
photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-alpha 
instrument with an Al Kα source.  
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The scanning electron microscope (SEM) images were obtained using an FEI Nova 
NanoSEM. The 2D molybdenum oxide flakes supernatant sample (after 5 h solar light 
irradiation), were dropped onto Cu grids for HRTEM-(JEOL 2100F) characterization. 
HRTEM images were acquired using a Gatan Orius SC1000 CCD Camera. To conduct 
EELS experiments, a high-angle annular dark field (HAADF)-(STEM) image of the 
region of interest was first obtained. Then, a small area map was acquired across the 
nanoflakes and the total number of data points was determined such that one spectrum 
was collected at every 2 nm interval. The ZLP of each spectrum was aligned using 
Digital Micrograph and removed using the reflected tail model. Spin-dependent hybrid 
DFT calculations were performed using Gaussian basis set ab initio package 
CRYSTAL09 [205]. A hybrid exchange-correlation functional was used based on the 
PBE0 model with the Hartree-Fock to density functional exchange ratio set to 0.2 
[206]. The Mo basis set used a Hay-Wadt type effective core pseudopotential to 
account for the core Mo electrons (1s22s22p63s23p63d10) and a 311-31G basis set for 
the valance electrons.  
This basis set was previously used by Cora et. al. to study α-MoO3 [207]. For an 
oxygen atom, all electrons 8-411d1 basis set was used as previously by Cora [208]. The 
initial structures for α-MoO3 [209], monoclinic Mo4O11 [210] and monoclinic MoO2 
[211] were obtained from the published literature and then geometry-optimised using 
CRYSTAL09. The forces on all atoms after optimization were less than 18 meV/A. 
The absorbance spectrum of the films made of 2D molybdenum oxide nanoflakes 
was examined using a spectrophotometric system consisting of a Micropack DH-2000 
UV-vis-NIR single beam light source and an Ocean Optics HR4000 spectrophotometer, 
in which a blank quartz substrate was used as a reference.  
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Gas measurements were performed in a customized gas testing chamber with a 
temperature control (Figure 5.1). A mass flow controlled gas calibration system was 
used for mixing dry synthetic air with different range of concentrations (600-10,000 
ppm) of H2 gas, and this gas was purged into the chamber at a regulated gas flow of 
200 sccm. 
 
Figure  5.1. Illustration of the optical gas testing chamber. 
 
The chamber consists of two ports for gas inlet and outlet, and two electrical 
connectors for an electrical heating plate (Figure 5.1). Inside the chamber, a holder 
frame with open window was utilized to mount the molybdenum oxide samples during 
testing. The chamber was fixed on to a stage with two optical fiber cables and adapters 
for the connection with the light source and the spectrophotometer, respectively. 
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5.3 Results and Discussion 
The plasmonic 2D molybdenum oxide flakes are synthesized using a method the PhD 
candidate has previously developed (details are presented in the experimental section) 
[136]. In brief, 2D MoO3 flakes are firstly obtained from the bulk MoO3 powder using a 
grinding-assisted liquid exfoliation method. Subsequently, they are reduced to 2D 
molybdenum oxide (MoO3-x) under the illumination of simulated solar light, in which 
the reduction degree depends on the illumination duration. The lateral dimensions of 
these suspended flakes are assessed using a DLS system (Figure 5.2a). It is observed 
that these 2D flakes with dark blue color mainly have lateral dimensions of ~100 nm 
after 5 h solar light illumination. Their thicknesses are found to be typically around 
4 nm based on the AFM imaging (an example is shown in Figure 5.2b). In addition, the 
crystal structure of these 2D flakes is investigated using XRD measurements. 
According to Figure 5.2c, it is found that the illuminated 2D flakes exhibit a dominant 
crystal phase of monoclinic Mo4O11 with the lattice parameters of a = 24.540 Å, b = 
5.439 Å, c = 6.701 Å, and lattice angle: β = 94.280° (JCPDs no: 13-0142). The XRD 
peaks appeared at 13.3, 26.2, 33, 36.7 and 46.2° 2θ, corresponding to the (0 0 1), (4 1 
1), (0 2 0), (10 0 0), and (4 2 2) planes, respectively. 
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Figure  5.2. (a) The DLS graph of 2D molybdenum oxide flakes after 5 h of solar light 
irradiation. The inset shows an optical image of suspended flakes. (b−d) The AFM 
image, the XRD pattern and the HRTEM image of 2D flakes, respectively. 
 
The high resolution transmission electron microscopy (HRTEM) is utilized to 
further confirm the crystal structure of 2D flakes (Figure 5.2d). It is observed that 
lattice fringe spacing of 0.34 nm, can be indexed to the (4 1 1) plane of monoclinic 
Mo4O11. The extended Raman spectrum of the Mo4O11 film that is dried at 40 °C 
(Figure 5.3a) reveals that there is no distinguished peak appearing beyond 1000 cm1, 
which indicates that the organic residue in the film can be neglected [212, 213]. In 
addition, the surface adhesion property of the flakes is revealed by the AFM with 
adhesion mapping capability (Figure 5.3b). The adhesion mapping image in Figure 5.3 
shows that the flakes have similar surface energies [214].  
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Figure  5.3. (a) The Raman spectrum of the drop casted film made of 2D Mo4O11 flakes 
that were dried at 40 °C. (b) The AFM image of a very low concentration suspension of 
2D flakes drop casted onto Si substrate and (c) The corresponding AFM adhesion 
image of the same area. The adhesion image shows that the surface energy of the flakes 
are similar (similar surface voltages) and hence should demonstrate similar van der 
Waals forces, assisting them to lie horizontally and homogenous on top of each other. 
At high concentration of flakes in the suspensions, drop casting results in the formation 
of stable films with many flakes hold together by these van der Waals forces. 
 
The flakes are mostly placed horizontally on the substrate and on top of each other. 
As a result, the van der Waals forces hold these flakes into a firm film with a good 
stability. The crude scratch test also confirms that the films have a reasonable adhesion 
to the surface of the substrate. The surface morphology of the film made of 2D 
molybdenum oxide flakes can also be seen in Figure 5.4. 
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Figure  5.4. The SEM image of the film made of high concentration 2D molybdenum 
oxide flakes after annealing at 40 °C shows the surface morphology and the flakes 
distribution. It can be observed that these flakes are compactly and horizontally placed 
onto each other, forming a relatively homogeneous film. 
 
Density functional theory (DFT) calculations are carried out firstly to elucidate the 
transition from 2D α-MoO3 to monoclinic Mo4O11 (detail of the calculation methods is 
presented in the Experimental section). As can be seen in Figure 5.5a, a sharp peak is 
observed in the VB edge centered at 5.4 eV for the semiconducting α-MoO3 and its 
bandgap is calculated to be ~3.2 eV, which matches well with the literature [186]. 
Interestingly, the peak initially positioned in the VB at 5.4 eV becomes less noticeable 
for Mo4O11. Instead, a small broad peak appears at 2.5 eV as shown in Figure 5.5b. 
More importantly, Mo4O11 is found to be metallic with occupied bands corresponding 
to Mo and O across the EF due to the presence of a large number of oxygen vacancies. 
Such a semiconductor-metal transition suggests the generation of additional free 
electrons in the material, which can potentially produce collective excitations hence 
forming plasmons.  
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Figure  5.5. The density of states calculated by DFT of: (a) α-MoO3 and (b) Monoclinic 
Mo4O11.  
The generation of plasmons is also confirmed by EELS in Figure 5.6 [199, 200]. 
Figure 5.6a shows the EELS spectrum collected from a 2D α-MoO3 flake. Gaussian 
peak fitting technique is utilized to extract the plasmon and the interband transition 
modes from the spectrum. The deconvoluted peak at 5.4 eV can be ascribed to the 
interband transition [201]. Prominent peaks at 12.2 19, 23 eV are also observed, which 
can correspond to the plasmon modes induced by valence electrons in different 
composite outer atomic cells [215]. A broad peak at 36.2 eV can be assigned to the 
core-loss transition [201]. For the quasi-metallic Mo4O11 (Figure 5.6b), an additional 
broad peak appearing at 49.6 eV can be ascribed to the core-loss transition resulting 
from Mo-4p excitation [201, 216]. More importantly, a strong peak also appears at 7.5 
eV, which can be attributed to the additional plasmon mode originated by the 
generated free electron in the presence of oxygen vacancies.  
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This can be further validated by the theoretical calculation on bulk plasmon energy 
in the free electron gas model from equation 4.8 which was presented previously in 
chapter 4, where the charge carrier density (	ܰ ) for Mo4O11 is ~8.5 × 1021 cm3 as 
suggested by Alsaif et al. [136] and the effective mass of an electron 
is	݉௘=	0.2݉௢[10]. 
 
The calculated bulk plasmon energy is 7.6 eV, which well agrees with the EELS 
measurements. The surface plasmon energy in the 2D system is then obtained based 
on the calculated extinction coefficients using the Mie-Gans theoretical model (the 
equations were presented previously in chapter 3) [155]. The theoretical values of the 
surface plasmon resonance of the quasi-metallic Mo4O11 are ~730 nm, which 
corresponds to the surface plasmon energy of ~1.7 eV. Although the surface plasmon 
cannot be observed by the EELS spectrum due to it being within the ZLP, it matches 
well with the position of the optical absorption peak centered at 750 nm as shown in 
Figure 5.6a, hence suggesting the this absorption peak can be attributed to the surface 
plasmon resonance.  
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Figure  5.6. (a) EELS spectrum of 2D α-MoO3 mapped to the corresponding STEM 
image to the right. (b) EELS spectrum of the quasi-metallic 2D Mo4O11 mapped to the 
corresponding STEM image to the right. These graphs show the two extracted spectra 
with plural scattering (multiple plasmon resonances) removed, which eliminates the 
thickness effects. 
 
The plasmonic H2 gas sensors are fabricated by drop-casting a fixed amount of the 
suspended 2D flakes onto quartz substrates (details are found in the Experimental 
section). Subsequently, these samples are sputtered with an Au/Pd catalytic layer 
(thickness of ∼1 nm) for facilitating the breakdown of H2 gas molecules [111]. These 
sensors are firstly placed into a customized design chamber, which consists of an 
aluminium box with quartz windows (Figure 5.1). They are then exposed to synthetic 
air containing a range of different concentrations (600-10,000 ppm) of H2 gas, at 
operating temperatures ranging from 20 to 100 °C. The optical absorption features of 
the sensors are measured in situ upon various gas exposure stages. The light intensity of 
the optical source is measured to be ~1 mW cm−2 at 550 nm. At such weak optical 
power intensity, no crystal phase change is observed for the films even after hours of 
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exposure to the light in ambient air or at elevated temperatures. This is evident by the 
XRD measurement (Figure 5.7) that presented no change in the peaks after light 
exposure four hours and is also confirmed by the baseline repeatability during the gas 
sensing tests (it is shown in the later sections).  
 
Figure  5.7. The XRD pattern of the 2D molybdenum oxide film after light exposure 
from the UV-vis-NIR light source. 
 
Figure 5.8a shows the optical absorption property of the film made of 2D molybdenum 
oxide flakes before the exposure to H2 gas at 20 °C RT. The broad absorption peak 
centred at ~750 nm is ascribed to the plasmon resonance feature of 2D Mo4O11 flakes 
as being confirmed by the EELS experiments (Figure 5.6) and Mie-Gans theoretical 
calculations.  
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Figure  5.8. (a, c, e, g, i) The UV-Vis spectra of the 2D molybdenum oxide flakes 
before and after 10,000 ppm of H2 gas exposure as well as the subsequent recovery 
in air. (b, d, f, h, j) The dynamic responses for different wavelengths of (400−750 
nm) towards different concentrations of H2 gas (600-10,000 ppm) at operating 
temperatures of 20, 40, 60, 80 and 100 °C. 
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After being exposed to 10,000 ppm of H2 gas concentration for 20 min, this 
plasmonic absorption peak is further broadened and the absorbance value is slightly 
increased. Such a change is generally associated with the loss of metallic properties of 
the material under investigation.  
The candidate has previously conducted XPS measurements and Raman spectroscopy 
to show that a portion of the quasi-metallic 2D Mo4O11 flakes is transformed into 
semiconducting 2D MoO2, even in the solar stimulation reduction process of 2D MoO3. 
This is due to the interaction with H+ ions, which are formed from water splitting [136].  
The photocatalytic water-splitting reaction involves a significant change in Gibbs 
free energy and the minimum energy required by the photocatalyst which is from the 
stand point of thermodynamics is 1.23 eV [217]. In addition, the photon energy (solar 
energy) must be greater than the band gap energy of the photocatalytic material. The 
respective conduction band minimum of the material must also lie at a more negative 
potential than the reduction potential and the valence band maximum must exhibit more 
positive potential than the oxidation potential of water [217].  In this research, water-
splitting occurs when the oxide suspensions are irradiated with solar light, as the result, 
electrons and holes are generated [218, 219]. The intercalation process equations were 
expressed previously in chapter 3 [136, 137, 220]. 
Under the high power solar light irradiation, HxMoO3 will eventually be 
transformed into MoO3-x (Mo4O11 in this case) [22, 136]. Here, H2 gas molecules are 
broken into H+ ions, producing the 2D MoO2 flakes in a similar manner. MoO2 is a 
semiconductor with a relatively narrow band gap of ~1.6 eV. The DFT calculations of 
α-MoO3, Monoclinic Mo4O11 and Monoclinic MoO2 were shown previously in chapter 
3. It is interesting that a strong peak can be observed in the region between 1 to across 
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0 eV for MoO2, which is possibly due to the generated free electrons, occupying part of 
the d bands of the oxide [221]. Therefore, visible plasmon resonance features is 
gradually lost during the transition from Mo4O11 to MoO2.  
The alteration of the Mo4O11 stoichiometry, and the consequent loss of plasmon 
resonance feature, can be explained using the “hydrogen spill-over model” [111, 128, 
222]. The Au/Pd layer assists with the dissociation of H2 gas molecules into electrons 
and H+ ions [129, 130]. The H+ ions are then intercalated into the Mo4O11 crystal 
structure, forming OH or OH2 groups together with the lattice O atoms. This eventually 
causes the further reduction of Mo4O11 into a more thermodynamically stable phase of 
MoO2 and simultaneously generating water molecules. This is evident by the change of 
absorption features, also confirmed by XPS analysis and Raman spectroscopy, which 
are shown in later sections. Such a process can be expressed as follows:  
       MoସOଵଵ ൅ 6Hା 	൅ 6eି → 4MoOଶ ൅ 3HଶO             (5.1) 
When the film is exposed to air again, the O2- ions, which are generated by the 
dissociation of O2 on the Au/Pd layer, transferred to the MoO2 crystal structure and 
recombined with a number of oxygen vacancies, transforming the 2D flakes back to 
Mo4O11 [22, 130]. However, the accumulation of water molecules on the MoO2 surface 
may reduce the available surface catalytic sites for the dissociation of O2, although the 
incoming dry air stream encourages only a portion of the water molecules to desorb 
from the surface. Therefore, the quasi-metallic 2D Mo4O11 based plasmonic H2 sensor, 
room temperature sensing is not practical as no sensor recovery is observed. 
Alternatively, the interlayer diffusion rate of O atoms in MoO2 is much slower than that 
of H+ ions, which could also be a contributing factor to the slow air recovery process.  
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The humidity effect is not significant on the sensing performance of 2D 
MoO3 based H2 sensors as the operating temperature is above 200 °C. However, 
for the 2D MoO3-x plasmonic sensor, the catalytic Au/Pd layer assists in 
dissociating surface-absorbed water molecules from the surrounding humid 
environment and splitting them into H+ and OH- ions [111]. The H+ ions are then 
intercalated into the 2D MoO3-x flakes, which causes interference with the H2 gas 
sensing [111]. 
As the transformation from Mo4O11 to MoO2 results in the alteration of optical 
absorption features over the whole visible light region [223], sensor dynamic response 
(absorbance change with the respect of time in seconds) is investigated for different 
optical wavelengths ranged from 400 to 750 nm towards different concentrations of H2 
gas (600-10,000 ppm) as shown in Figure 5.8b. It is found that the baselines for the 
sensor dynamic response are drifted at all measured wavelengths as the poor sensor 
recovery occurs at the H2 gas concentration as low as 600 ppm at RT.  
When the operating temperature is increased from 20 to 40 °C and above up to 100 
°C (operation above 100 C is not possible as the test chamber could not stand higher 
temperatures), it is observed that the initial absorption peak ascribing the 2D Mo4O11 
plasmon resonance gradually flattens (Figure 5.8c,e,g,i). As the XPS and Raman 
spectroscopy results suggest (which will be shown later), when the film is exposed to 
air at elevated temperatures, a part of 2D Mo4O11 is oxidised and transformed into low 
stoichiometry and eventually the fully-stoichiometric 2D MoO3. This result occurred in 
two simultaneous reactions during the exposure to 10,000 ppm of H2 gas concentration: 
the oxidising by-products are reduced back to Mo4O11, while the residual Mo4O11 is 
further reduced to MoO2. This is evident by their smaller variation of absorption 
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features compared to that at RT operation after the H2 gas exposure. Moreover, there is 
an improvement in the recovery of the sample’s plasmonic features at elevated 
temperatures (Figure 5.8c,e,g,i), indicating the heat energy facilitates the water 
molecule desorption from the surface [129, 130]. The best operating temperature is 
found to be at 100 °C for the plasmon absorbance peak of Mo4O11 towards 10,000 ppm 
of H2 gas concentration, in which it shows a considerable response magnitude and 
recovers back to the initial state after being exposed to air (Figure 5.8i). This indicates 
that increasing the sample temperature to 100 °C enhances the rate of oxygen vacancy 
recombination, making it comparable with the rate of oxygen vacancy formation [130].  
While the sensor response is not fully recovered for all H2 gas concentration at 40 
°C (Figure 5.8d), there is an obvious enhancement in the dynamic response associated 
with stability of response baselines when increasing the temperature from 60 to 100 °C 
(Figure 5.8f,h,j). Such elevated temperatures can be used for overcoming the 
thermodynamic barrier, effectively allowing faster adsorption/desorption of ions onto 
the plasmonic film [129].  
These elevated temperatures also likely assist in the formation and evaporation of 
the H2O molecules in the process, helping to improve the dynamics of the reactions. 
The best dynamic response, with a stable baseline, is observed at 100 °C (Figure 5.8j), 
in which the gas interaction reaches equilibrium at such a temperature.  
The response and recovery time of the sensors are defined as the duration needed for 
the devices to undergo an absorbance change from 10% to 90% and from the no H2 gas 
exposure to fully exposed condition. Alternatively, the response time (t90) and recovery 
time (t10) are defined as the time required for the sensor output to reach 90% of the full-
scale value (maximum absorbance peak) and drop to 10% of the full-scale value 
(maximum absorbance peak) respectively [111]. The response factor in a percentage is 
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defined as the ratio of the optical absorbance change of the plasmonic film over that in 
air and can be described by as follows:  
              RF =((Abs air – Abs gas)/Abs air) × 100%            (5.2) 
Figure 5.9a shows the dynamic response of plasmonic 2D molybdenum oxide 
towards 10,000 ppm of H2 gas concentration at wavelength of 750 nm for different 
operating temperatures from 20 to 100 °C.  
The particular wavelength of 750 nm is chosen because it represents the center of the 
broad absorption peak of quasi-metallic 2D Mo4O11. It is found that the recovery time 
of the plasmonic molybdenum oxide film after exposure to the air was slower at RT 
than at elevated temperatures (Figure 5.9b).  
The largest response factor at wavelength of 750 nm is found to be 20 % for 
operating temperatures of 60 °C, while the lowest is found to be 4.4 % at 20 C. The 
response factor of the sensors depends on the operating temperatures [111]. The data in 
Table 5.1 are extracted from Figure 5.9a,b, which summarizes the response factor and 
the response and recovery time of plasmonic sensor at wavelength of 750 nm.  
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Figure  5.9. (a) The absorbance values of Mo4O11 plasmonic peak over time at the 
wavelength of 750 nm associated with operating temperatures of 20, 40, 60, 80 and 100 
°C at different gas exposure stages. (b) The corresponding response and recovery time 
at different operating temperatures. 
 
Table 5.1. The summary of the sensor response factor as well as response and recovery 
time in different operating temperatures.  
Operating  temperature 
(°C) 
Response factor 
(%) 
Response time 
(s) 
Recovery time 
(s) 
20 4.4 1200 N/A 
40 10.2 1140 1200 
60 20 540 720 
80 18.3 300 540 
100 15.7 150 420 
 
 
 
Chapter 5: Sub-Stoichiometric Two-Dimensional Molybdenum Oxide Flakes: A Plasmonic Gas 
Sensing Platform 
127 
 
 
 
 
 
 
Figure  5.10. (a-d) The plasmonic peak (750 nm) absorbance values of 2D molybdenum 
oxide films of different thicknesses over time towards 10,000 ppm of H2 gas at the 
operating temperature of 100 °C. (e-h) The SEM images of samples with different film 
thicknesses of 650 nm, 1 µm, 1.35 µm and 1.65 µm, respectively. 
 
The H2 gas responses of the 2D molybdenum oxide films of different thicknesses are 
investigated. These different thicknesses are obtained by drop-casting various volumes 
(50, 100, 250 and 500 µL) of the suspension solution onto quartz substrates. These 
result in film thicknesses of approximately 650 nm, 1 µm, 1.35 µm and 1.65 µm, 
respectively. The samples are tested towards 10,000 ppm of H2 gas while their 
temperatures are hold at the optimum value of 100 °C.  It can be seen in Figure 5.10a-d, 
while response and recovery time are the shortest for the 650 nm sample, the response 
magnitude is very small in comparison to the other thicknesses (Figure 5.10e-h), which 
is not directly compared with others. The PhD candidate had tried several thin films 
above and below 1 m thickness, but she found that the optimum film performance is 
at 1 m for H2 gas sensing. 
The XPS measurements are carried out to investigate the stoichiometry of the films 
after exposure to 10,000 ppm of H2 gas concentration at various operating 
temperatures. From Figure 5.11a, the initial sample is presented to have a complex 
mixture of Mo 3d5/2,3/2 spin doublets of molybdenum in its oxidation state of +4, +5, 
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and +6 [224]. Two moderate peaks centered at 229.3 and 232.4 eV can be attributed to 
the bonding energies of Mo 3d5/2 and Mo 3d3/2 orbital electrons of Mo4+, respectively, 
suggesting the presence of a significant amount of MoO2 [225-227]. Relatively stronger 
doublet peaks centered at 230.1 eV for Mo5+ 3d5/2 and 233.2 eV for Mo5+ 3d3/2 are also 
detected, indicating the presence of Mo4O11 as the dominant phase [228]. However, a 
lowermost doublet centered at 232.2 eV and 235.3 eV, representing the characteristics 
of fully-stoichiometric MoO3, can be attributed for higher oxidation states of Mo6+ 3d5/2 
and Mo6+ 3d3/2, respectively [226, 228]. This might be due to a slight oxidation 
introduced into the sample during preparation process [136].  
 
Figure  5.11. XPS spectrum of Mo 3d for 2D quasi-metallic molybdenum oxide flakes 
before and after exposure to 10,000 ppm of H2 gas concentration at different operating 
temperatures. 
 
When the sample is exposed to H2 gas at 20 C (Figure 5.11b), the peaks at 
lower oxidation state (Mo4+) increase whereas, the peaks at oxidation state 
(Mo5+) slightly decrease due to the increase of the content of oxygen vacancies 
[124, 226, 229]. Increasing the operating temperatures upon the exposure to 
10,000 ppm of H2 gas concentration results in the augmentation of both Mo5+ and 
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Mo6+ oxidation state peaks and the peaks at lower oxidation state (Mo4+) decrease 
(Figure 5.11c,d,e,f) [226]. This can be attributed to the “two simultaneous 
reactions” mechanism that the PhD candidate described previously, in which 
transformation of MoO3 to Mo4O11 (+6 to +5 oxidation state) and Mo4O11 to 
MoO2 (+5 to +4 oxidation state) occur at the same time. When the operating 
temperature is above 60 °C, only a small signature of MoO2 is observed, 
indicating that the transformation of MoO3 to Mo4O11 (+6 to +5 oxidation state) 
dominates the “two simultaneous reactions” process [224, 225, 230]. 
In addition to the XPS analysis, the research investigated the Raman spectra of 
the 2D plasmonic samples after the exposure to 10,000 ppm of H2 gas 
concentration at various operating temperatures to further validate the proposed 
reaction model (Figure 5.12). It is found that the Raman peaks are observed at 
342, 657, 818 and 964 cm-1 for the initial sample, which are all in good 
agreement with a combination of monoclinic Mo4O11 [145, 146, 178]. The strong 
peak that occurs at 964 cm-1 can be assigned to the stretching vibration of 
terminal oxygen atoms ν(O=Mo); and the peak at 818 cm-1 is assigned to the 
stretching mode of doubly coordinated oxygen atoms ν(O−Mo2). In addition, the 
peak that occurs at 657 cm-1 is attributed to the stretching mode of triply 
coordinated oxygen atoms ν(O−Mo3), and the peak at 342 cm-1 is assigned to the 
deformation mode of triply coordinated oxygen atoms δ(O−Mo3) [124, 178, 226, 
231]. In addition, the peaks at 230, 472 and 724 cm-1 are assigned to monoclinic 
MoO2 [178]. There is no distinguishable difference between the Raman spectra 
before and after H2 concentration of 10,000 ppm exposure at an operating 
temperature lower than 40 °C [226]. However, at the operating temperatures 
above 60 °C, the intensity of all Mo4O11 and MoO2 Raman peaks are gradually 
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reduced, again confirming that the oxidation process significantly interrupts the 
H2 gas reduction process at these temperatures [22, 129, 140, 230]. 
 
Figure  5.12. The Raman spectrum of 2D molybdenum oxide films before and after 
exposure to 10,000 ppm of H2 gas concentration at different operating temperatures of 
20 (RT), 40, 60, 80 and 100C. 
 
The plasmonic sensor described in this work show an optimum response factor of  
~20% at 60 °C and a relatively short response and recovery time of 150 and 420 s, 
respectively, at 100 °C. A comparison with previous plasmonic H2 gas sensors is 
presented in Table 5.2.  Qadri et al. demonstrated a response factor of 0.16% towards 
10,000 ppm of H2 gas concentration which is less efficient than the one demonstrated in 
this work [232]. Additionally, Cittadini et al. presented a response factor of ~0.4% 
towards 10,000 ppm of H2 gas concentration with a response/recovery time in several 
minute ranges [233], while our sensors showed a better optical response performance 
than this work. In another report by Ohodnicki Jr. et al., the response factor was 33% at 
500 °C in the NIR range [80], while our sensor shows a more stable response at low 
temperatures in the visible range. Although, Dharmalingam et al. reported the highest 
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optical response factor of 150%, this response was obtained at a relatively high 
operating temperature of 500 °C [78]. It should be emphasized that our films made of 
sub-stoichiometric 2D molybdenum oxide flakes are operated at a relatively low 
operating temperature of 100 C. 
Table 5.2. The summary of plasmonic sensors in terms of response factor, response and 
recovery time for H2 gas sensing. 
Sensitive 
layer 
Operating 
temperature (°C) 
Response    
factor (%) 
Response 
time (s) 
Recovery  
time (s) 
 
Sensing   
response range 
(nm) 
Ref 
Al-ZnO 500 33 N/A N/A 1500–2500  [80] 
Pt/WO3 150 0.16 40–55 40–55 200–900  [232] 
Au-YSZ 500 150 N/A N/A 450–850  [78] 
AuH-rGO    150 0.4   60 120 200–900  [233] 
 
5.4 Summary 
In this chapter, the PhD candidate demonstrated quasi-metallic 2D molybdenum oxide 
flakes, which were utilized as a sensitive material for plasmonic H2 gas sensing 
applications. The novel 2D plasmonic sensor was tested using different concentrations 
of H2 gas at both room and elevated temperatures in the visible wavelengths ranging 
between 400 and 750 nm. The DFT calculations and EELS measurements along with 
Mie-Gans theory assessments were used as evidences for the existence of plasmon 
resonances.  
The plasmonic sensors were tested at room and elevated temperatures of up to 100 
°C towards H2 concentration of 10,000 ppm in the visible light range. After the 
exposure to H2 gas at RT, the plasmonic absorption peak of the flakes was broadened 
and the absorbance value was slightly increased, suggesting that a portion of quasi-
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metallic Mo4O11 was transformed into semiconducting MoO2. However at elevated 
temperatures, the plasmonic absorption peak was gradually flattened, which suggest 
two simultaneous reactions mechanism occurred at the same time that were the 
transformation of Mo4O11 to MoO3 and Mo4O11 to MoO2. In addition, the dynamic 
response towards different concentrations of H2 gas (600-10,000 ppm) in synthetic air 
was investigated for different optical wavelengths. The best wavelength for the 
dynamic response towards different concentrations of H2 gas was at 750 nm. The 2D 
plasmonic sensor showed the highest response factor of 20% at 60 °C and shortest 
response/recovery time at 100 °C. The XPS and Raman spectra analysis confirmed two 
simultaneous chemical reactions mechanisms, consistent with the plasmonic H2 gas 
sensing results. These results suggest that sensors based on 2D quasi-metallic 
molybdenum oxide flakes lead to altered plasmon dispersion relationships, which 
provide opportunities to create high performance 2D optical systems in the future.  
In the next chapter, the candidate will present her work regarding the fabrication of 
high-performance FETs using electronic inks made of 2D molybdenum oxide 
nanoflakes.  
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Chapter 6 : High Performance Field Effect 
Transistors using Electronic Inks of Two-
Dimensional Molybdenum Oxide Nanoflakes 
 
6.1 Introduction  
In this study, the PhD candidate will present the outcomes of her investigations on field 
effect transistors (FETs) based on a two-dimensional (2D) channel thin film made of 
grinding-assisted liquid-phase exfoliation (LPE) molybdenum oxide nanoflakes inks 
with highly controllable sub-stoichiometric levels (x). The ability to induce oxygen 
vacancies by solar light irradiation in an aqueous environment allows the tuning of 
electronic properties in 2D sub-stoichiometric molybdenum oxides (MoO3-x). Electronic 
inks of 2D MoO3-x flakes will be produced in order to use them for developing channels 
for FETs with extraordinary abilities.  
Solar light irradiation based method will be used for controlling the oxygen vacancies 
and the free electron concentration (N) in LPE of 2D MoO3-x flakes. Through the 
controlled manipulation of x, the PhD candidate will demonstrate that the carrier 
concentration, energy band edge, and carrier charge mobility in 2D MoO3-x based FETs 
can be tuned. Furthermore, these parameters are evaluated as a function of the 2D 
flakes’ stoichiometry. Finally, tunable FETs based on 2D MoO3-x nanoflakes with 
different sub-stoichiometric levels will be presented in this chapter and the optimal sub-
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stoichiometric value will be shown using LPE technique in which the maximum 
transconductance is obtained.  
The work presented in this chapter was published as an article in Advanced 
Functional Materials journal [163].  
6.2 Experimental 
6.2.1 2D Molybdenum Oxide Flakes Synthesis and FET Device Fabrication  
3 g of MoO3 powder (99% purity, China Rare Metal Material Co.) was ground with 0.6 
mL ethanol for 30 min. The powder was then dispersed in ethanol/water (50:50 (v/v) 
ethanol: water) mixture (45 mL), subjected to probe-sonication (Ultrasonic Processor 
GEX500) for 120 min at 125 W, and then centrifuged at 6000 rpm for 30 min at RT. To 
obtain the electronic inks, the supernatant containing high concentration of 2D MoO3 
flakes was collected and transferred into small containers with 3 mL volume each. The 
supernatant samples were irradiated under the solar simulator (Abet Technologies LS-
150) at different time intervals of 5 min, 10 min, 20 min, 30 min, 1 h, 2 h and 5 h and 
subsequently drop-casted at the fixed amount of 50 µL on substrates for characterization 
and FET fabrication.  
Au/Cr (150/50 nm) electrodes were deposited onto clean n-doped silicon wafer 
substrates with 500 nm thick SiO2 surface layers using an electron beam evaporation 
process and subsequently patterned by conventional photolithography. The spacing 
between the electrodes was set to 50 µm. A polydimethylsiloxane (PDMS) reservoir 
was used for the drop-casting process. The drop-casted devices were then annealed at 75 
°C to remove the trapped water and organic molecules between the flakes and kept at 
RT for electrical investigation. The thicknesses of all FET channels were equally set to 
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~850 nm. The extended Raman spectra of the drop-casted films (Figure 6.1) reveal that 
there was no observable peak appearing beyond 1000 cm−1, which indicates that the 
organic residue in the films was fully evaporated. 
 
Figure  6.1. The extended Raman spectrum of the drop-casted film made of 2D α-MoO3 
nanoflakes that was annealed at 75 °C [212]. 
 
6.2.2 Investigation of Different Solvent Compositions 
The grinding process of 3 g of MoO3 with 0.6 mL of ethanol, for 30 min was repeated 4 
times. The four grounded samples were then dispersed in 45 mL of ethanol (100%), 
70:30 (v/v) ethanol: water mixture, 30:70 (v/v) ethanol: water mixture, and water 
(100%), respectively. The four samples were then probe-sonicated (Ultrasonic Processor 
GEX500) for 120 min at 125 W. Subsequently they were centrifuged at 6000 rpm for 30 
min at RT. The supernatants of four samples were collected and transferred into small 
glass vials for DLS measurements.   
24 mL of the suspension of the initial 2D MoO3 nanoflakes (50:50 (v/v) ethanol: 
water mixture) is transferred into 24 individual centrifuge tubes with the volume of 1 
mL each and centrifuged at a high speed of 17,000 rpm for 60 min using Labogene-
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1524 centrifuge. The masses of collected precipitate were merged and the total mass 
was measured using a thermogravimetric analysis (TGA) at the temperature of 400 °C. 
6.2.3 Characterizations and Measurements  
Electrical characterizations were carried out using an ARS PSF-10-1-4 Cryogenic 
Probe Station and an Agilent E5270B analyzer at RT. Digital Instruments D3100 atomic 
force microscopy (AFM), FEI Nova NanoSEM and Hysitron TI950 Triboindenter SPM 
were used for investigating the film surface and cross-sectional morphologies. Raman 
spectra were obtained using a micro-Raman spectrometer (Renishaw InVia microscope) 
with a 1200 lines per mm blazed grating and a 1 mW laser excitation source at 514 nm. 
Acquisitions were carried out for 10 s with two averages using a ×20 magnification lens. 
The nanoflake suspensions were diluted and their average lateral dimensions were 
measured using dynamic light scattering (DLS) technique (ALV 5022F spectrometer). 
X-ray diffraction (XRD) patterns were collected using a Bruker D4 ENDEAVOR with 
monochromatic Cu Kα as radiation source (λ = 0.154 nm). X-ray photoelectron 
spectroscopy (XPS) was performed on a Thermo scientific K-Alpha instrument 
equipped with a monochromated aluminium K-α source (1486.7 eV).  
A pass energy of 20 eV was selected and the binding energy of the Mo2p peaks was 
shifted such that the adventitious C1s peak was aligned to 284.8 eV. The supernatant 
containing 2D molybdenum oxide flakes were dropped onto Cu grids for transmission 
electron microscopy (TEM) and high resolution transmission electron microscopy 
(HRTEM) (JEOL 2100F) characterization. The photoelectron spectroscopy in air 
(PESA) measurements were conducted on drop-casted samples on glass slides and were 
measured using a Riken Keiki Model AC-2 PESA spectrometer with power setting of 
100 nW and a power number of 1/3. 
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6.3 Results and Discussion 
6.3.1 Characterization of 2D Molybdenum Oxide Flakes 
Suspensions of 2D molybdenum oxide flakes were prepared in a 50:50 (v/v) ethanol: 
water mixture to form the electronic inks, as described in the Experimental Section. 
Samples of equal volume and concentration were irradiated by a solar simulator for 5 
min, 10 min, 20 min, 30 min, 1 h, 2 h and 5 h to obtain the 2D sub-stoichiometric 
molybdenum oxide (MoO3-x) flakes suspensions.  
Figure 6.2a shows the schematic crystal structure of pristine α-MoO3, wherein each 
molybdenum atom bonds to edge-sharing, corner-sharing and unshared terminal oxygen 
atoms [22]. The IE of the pristine (initial) sample of MoO3 was measured by PESA, 
which correlates to the VBM and was found to be 5.58 eV with respect to vacuum 
(vac) [234], which is below the water oxidation potential (H2O/O2 ~ 5.3 eV respect to 
vac) in the solar light induced reaction conditions (Figure 6.3). Upon photo-excitation of 
the exfoliated sample of α-MoO3 by simulated solar light, electron-hole pairs are formed 
(Figure 6.3) [235].  
 
The photogenerated holes oxidize water molecules to establish oxygen and proton 
entities [136, 235]. As such, the photo-excited electrons remain in the CB and H+ ions 
are intercalated into 2D α-MoO3 [136, 235]. The electrons in the CB are strong 
reductants, providing the driving force for the intercalation reaction within the MoO3 
structure (CBM = 2.73 eV with respect to vac) [136, 234, 235]. The intercalated H+ 
ions are mostly bonded to edge-shared oxygen and terminal oxygen atoms, which forms 
OH2 groups; hence transforming 2D MoO3 into 2D HxMoO3 (Figure 6.2b) [22, 136]. 
This causes the increase of inter-layer spacing [165].  
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Figure  6.2. Morphological characterizations of 2D molybdenum oxide flakes. (a) The 
schematic of α-MoO3. (b) The schematic of hydrogen ions intercalation of 2D α-MoO3 
after solar irradiation. (c) The lateral dimensions of the molybdenum oxide flakes after 
different durations of simulated solar light irradiation. (d) A TEM image of the initial 
2D α-MoO3 nanoflakes. (e) A TEM image of 2D nanoflakes after 5 h of solar light 
irradiation. f) The AFM image of the initial 2D MoO3 nanoflakes with the average 
thickness of ~5 layers. g) The AFM image of 2D nanoflakes after 5 h of solar light 
irradiation with the average thickness of ~ 3 layers. 
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However, the OH2 groups are not stable in the presence of environmental 
perturbations (e.g. heat) and are eventually released from their original positions in the 
crystal lattice, leaving lone oxygen vacancies and subsequently forming sub-
stoichiometric 2D MoO3–x (Figure 6.2b) [22].  
This rapid process of defect formation also causes crystal deformation and cracking in 
both intra-layer and inter-layer directions, hence reducing the lateral dimensions and 
thickness of the flakes [165]. The color of the suspension of 2D α-MoO3 flakes started 
to change in less than 30 sec upon solar light irradiation, which explains the process of 
defect formation is rapid. 
 
 
Figure  6.3. Tauc plot of the form (Ahv)1/2 used to determine the indirect Eg of 2D α-
MoO3 [185]. An indirect Eg of approximately 2.85 eV was extrapolated. The inset is the 
extrapolated energy band diagram of 2D α-MoO3 with respect to vac measured using 
Tauc analysis. The IE of the initial sample is determined by assistance of PESA (Figure 
6.12a). The vac level is taken as zero reference. The dotted lines indicate the water 
reduction (H+/H2 ~ 4 eV respect to vac) and oxidation (H2O/O2 ~ 5.3 eV respect to 
vac) potentials at the reaction conditions (pH=6-7). 
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The average lateral dimensions of molybdenum oxide flakes before and after solar 
light illumination for different durations were investigated using DLS (Figure 6.2c and 
Figure 6.4). The average lateral dimension of the initial MoO3 flakes is ~170 nm, while 
after 5 min irradiation it is reduced by approximately 10%. Interestingly at 30 min 
irradiation duration, the average lateral dimension of flakes falls to ~130 nm. 
 
Figure  6.4. The DLS diagram of 2D molybdenum oxides flakes for different durations 
of the solar light irradiation. 
 
The dynamics of the lateral dimension reduction changes after 30 min of irradiation 
and the average value reaches ~80 nm at the 5 h mark. The TEM verifies that the lateral 
dimensions of 2D flakes after 5 h irradiation are distinctly reduced (Figure 6.2d,e and 
Figure 6.5).  
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Figure  6.5. Histograms showing the distribution of 2D molybdenum oxide nanoflakes 
lateral dimensions before and after 5 h of solar light irradiation. The histograms are 
sampled using 100 flakes each from TEM data. 
 
The thicknesses of the nanoflakes before and after 5 h irradiation were also assessed 
using AFM. Figure 6.2f,g show that the 2D morphologies of the flakes are retained 
regardless of the light irradiation duration. The initial average flake thickness is made of 
around 5 layers, while they are reduced to an average of 3 layers after the 5 h irradiation 
process (Figure 6.6).  
 
 
Figure  6.6. Histograms showing the distribution of 2D molybdenum oxide nanoflakes 
thickness before and after 5 h of solar light irradiation. The histograms were sampled 
using 100 flakes each from AFM data. 
 
As such, exfoliation continues during the whole solar irradiation process. The effect 
of different solvent compositions on the lateral dimensions of the initial 2D MoO3 flakes 
is also investigated by using the DLS technique (see the Experimental section and Figure 
6.7). It was found that the suspension composition of 50:50 (v/v) ethanol: water mixture 
produces the largest lateral dimension of the flakes. As such, this suspension 
composition is used for producing the electronic ink in order to assure that the least 
charge carrier scattering is generated by the boundaries during the transfer of a charge 
from one flake to another. Moreover, the concentration of the 2D MoO3 flakes in the 
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suspension is measured to be ~0.018 mg/mL (details are presented in Experimental 
section and Figure 6.8). 
 
 
 
Figure  6.7. The lateral dimension of initial 2D molybdenum oxide flakes vs. percentage 
of ethanol in water mixture including ethanol (100%), 70:30 (v/v) ethanol: water 
mixture, 50:50 (v/v) ethanol: water mixture, 30:70 (v/v) ethanol: water mixture and 
water (100%). The insert is an optical image of the initial samples of 2D MoO3 
suspension for different solvent compositions. 
 
 
Figure  6.8. The TGA diagram of the collected flakes from 24 mL of the initial 2D 
MoO3 suspension sample tested in nitrogen/air gas at temperatures between 25 and 800 
°C. The calculated mass of the precipitate is evaluated at the temperature of 400 °C. 
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The initial 2D molybdenum oxide nanoflakes are made of crystalline orthorhombic 
α-MoO3 according to the XRD pattern (Figure 6.9). 
 
Figure  6.9. The XRD pattern of the initial film made of 2D molybdenum oxide flakes. 
The XRD pattern shows that the flakes are made of crystalline orthorhombic α-MoO3 
with lattice parameters of a = 3.697 Å, b = 13.858 Å, c = 3.962 Å (ICDD no: 35-0609) 
and minor contribution of slightly hydrated MoO3. The dominant peaks observed at 
12.8, 25.8, and 39° 2θ, correspond to (0 2 0), (0 4 0), and (0 6 0) planes of α-MoO3, 
respectively. Peaks corresponding to hydrated MoO3 are denoted by [*]. 
 
 Figure 6.10a shows a high resolution transmission electron microscopy (HRTEM) 
image highlighting the lattice fringes of the 2D nanoflakes. A spacing of 0.39 nm is 
observed associated with the (1 0 0) plane of α-MoO3. The corresponding selective area 
electron diffraction (SAED) pattern (Figure 6.10b) clearly distinguishes diffraction spots 
representing the (2 0 0) and (0 0 2) planes of α-MoO3 [6, 136]. However after 5 h solar 
light exposure, some of the lattice fringes appear disordered as a consequence of H+ 
intercalation (Figure 6.10c). This disorder is confirmed from the polycrystalline ring 
SAED pattern (Figure 6.10d). The intercalation of the H+ ions into the crystal lattice 
eventually produces cracks and splits the crystal into smaller sizes [53].  
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Figure  6.10. Crystal structures of 2D molybdenum oxide flakes. (a) A HRTEM image 
of the initial 2D α-MoO3 nanoflake and (b) the corresponding SAED pattern. (c) A 
HRTEM image of the 2D nanoflake after 5 h of solar light irradiation and (d) its 
corresponding SAED pattern. 
 
To investigate the evolution of this intercalation process, Raman spectra of 2D 
molybdenum oxide for different solar illumination durations were obtained (Figure 
6.11a). Strong Raman peaks are observed for the initial sample, which are associated to 
α-MoO3 [22, 136]. The 283 cm-1 peak represents the bending mode for the double bond 
(Mo=O) vibration [22, 136]. The 666 cm-1 peak is assigned to the tri-coordinated 
oxygen (Mo3–O) stretching mode, which results from edge-shared oxygen atoms in 
common to three adjacent octahedral [22, 136]. The 818 cm-1 peak is related to the bi-
coordinated oxygen (Mo2–O) stretching mode, which results from corner-sharing 
oxygen atoms common to two octahedral [22, 136]. The 992 cm-1 peak is assigned to 
the terminal oxygen (Mo=O) stretching mode, which results from an unshared oxygen 
[136]. In addition, the peak at 332 cm-1 can be assigned to Mo3–O and the two weak 
peaks at 212 and 245 cm-1 both represent the bending modes of Mo2–O [136]. New 
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peaks appear after 30 min of solar light exposure, which can be assigned to MoO3-x, 
suggesting the appearance of oxygen vacancies [140, 178].  
The XPS was used for identifying the sub-stoichiometry of the 2D flakes (Figure 
6.11b). The doublets at 235.98 and 232.68 eV are attributed to the binding energies of 
the 3d3/2 and the 3d5/2 orbital electrons of Mo6+, respectively [136, 184]. The integrated 
areas of the two doublets are in a 2:3 ratio and the energy split between them is 3.1 eV, 
in agreement with α-MoO3 [111].  
 
Figure  6.11. Structural characterizations and electronic band structures of 2D 
molybdenum oxide flakes obtained at different light exposure durations. (a) The Raman 
spectra of 2D molybdenum oxide flakes upon different solar light durations. (b) XPS 
Mo3d spectra of the 2D flakes at different solar light irradiation durations. (c) The 
energy level diagram with respect to vac showing the EF of the 2D flakes after different 
solar irradiation duration. The EF is evaluated from PESA measurements (Figure 6.12) 
and VBM position by the valence photoemission spectroscopy (Figure 6.13). (d) The 
valence photoemission spectra of sub-stoichiometric 2D molybdenum oxides at low 
binding energy region for different solar irradiation durations. 
Chapter 6: High Performance Field Effect Transistors using Electronic Inks of Two-
Dimensional Molybdenum Oxide Nanoflakes 
146 
 
 
 
Figure  6.12. PESA measurements on a thin-film made of sub-stoichiometric 
molybdenum oxide flakes under solar irradiation at different time intervals, and the 
determination of VBM from PESA measurements [185].  
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Figure  6.13. The valence photoemission spectra of sub-stoichiometric molybdenum 
oxide at low binding energy region near EF under solar irradiation at different time 
periods [186]. 
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Two peaks centered at 234.58 and 231.28 eV appear in the Mo 3d core level 
spectrum after 5 min of solar light irradiation. These peaks are at lower binding energies 
compared to Mo6+, indicating the appearance of the Mo5+ oxidation state within the 
flakes. The intensities of these Mo5+ peaks, which are correlated with the sub-
stoichiometry of molybdenum oxide flakes, increase with the irradiation duration [136]. 
The sub-stoichiometric level in 2D molybdenum oxide flakes prepared here is lower 
than reported in the previous work of the candidate in which an acetonitrile solvent was 
used [136]. This may be due to the fact that acetonitrile has a higher dispersion 
solubility parameter (δd = 64.3 and a surface tension of 27.6 mN/m) than ethanol (δd 
= 60.4 and surface tension of 22 mN/m) [236], facilitating the exfoliation process and 
producing surface areas for the intercalation process [237].  
During the formation of an oxygen vacancy in the crystal structure upon light 
exposure, the Mo6+ neighbouring the oxygen vacancy in the MoO3 lattice is reduced to 
Mo5+, injecting an electron to the CB [10, 22]. This injected electron is delocalized 
within the layers and acts as a Drude-model-like free electron [10], hence modulating 
the electronic band structure of the 2D flakes [10]. The N for different light irradiation 
durations is estimated from the Mo5+/Mo6+ area ratio in MoO3-x, which extracted from 
the XPS measurements (Table 6.1 and Figure 6.14). It is found that N and oxygen 
vacancies both increase with the solar light duration. This increase in N shifts the EF 
upward towards the CB (Figure 6.11c and Table 6.2) [238].  
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Table 6.1. Summary of estimated free electron concentration for different solar light 
durations.  
Solar light 
duration 
Mo5+/Mo6+ 
ratio 
Sub-
stoichiometric 
(x) of MoO3-x 
Estimated free 
electron 
concentration (cm-3) 
Initial (0 min) 0 0 2.24  1018  [238] 
5 min 0.050 0.025 9.85  1020 
10 min 0.063 0.032 1.23  1021 
20 min 0.071 0.035 1.41  1021 
30 min 0.083 0.042 1.64  1021 
1 h 0.125 0.063 2.46  1021 
2 h 0.167 0.084 3.28  1021 
5 h 0.250 0.125 4.92  1021 
 
 
 
Figure  6.14. The estimated free electron concentration of MoO3-x as a function of sub-
stoichiometric levels (x) by assuming one oxygen vacancy generates two free electrons. 
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Table 6.2. The summary values used in the energy level diagram of the 2D 
molybdenum oxide flakes at different solar irradiation durations. 
Solar light duration Initial 5 min 10 min  20 min    30 min        1 h   2 h    5 h 
IE (eV) 5.58  5.57  5.56   5.43 5.34  5.35    5.38 5.38 
Er = relative position 
of EF with respect to 
EVB edge (eV) 
2.50  2.55  2.60 2.60  2.60  2.70    2.80 2.81 
ɸ (eV) = IE -E            3.08   3.02 2.96      2.83   2.74      2.65   2.58   2.57
 
It is important to note that by introducing oxygen vacancies a new occupied state 
appears within the Eg of MoO3-x, labeled d in Figure 6.11d. This defect state arise 
because an O2- ion is removed from the VB spectra of MoO3-x [194]. The previously 
empty 4d band of MoO3 becomes partially occupied with electrons, giving rise to the 
defect band seen close to the EF (1.28 eV below EF) which is enhanced in the intensity 
by increasing the solar light duration (Figure 6.11d) [194].  
 
Prolonging the solar irradiation of the flakes moves their VB (Table 6.2) closer to 
that of the work function of gold, which forms the FET drain and source electrodes. 
Molybdenum oxide is a well-known hole extracting material that can exchange 
electrons at its VB [234, 239], coinciding gold’s EF that makes a small barrier contact. 
The enhancement in the electron concentration and tuning of the VB modify the system 
to obtain the optimal IOn/IOff ratio for FETs made of 2D MoO3-x flakes at x = 0.042 
(30 min irradiation), which will be discussed later. Interestingly, the estimated Eg of 
MoO3-x for samples of x = 0.042 and x = 0.125 (5 h irradiation) are 2.74 and 2.82 eV, 
respectively (Figure 6.15a,b). Thus, the CBM for both of these samples were evaluated 
to be ~2.60 and 2.56 eV, respectively (Figure 6.15a,b). The EF of both the initial and 
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solar light exposed flakes never exceeds the CBM and thus the highly-doped flakes 
should still remain semiconducting.  
 
Figure  6.15. Electronic band structure estimation of sub-stoichiometric molybdneum 
oxide flakes. a) Tauc plot of the form (Ahv)1/2 used to determine the Eg of 2D MoO3-x at 
30 min of solar light irradiation. The inset is the extrapolated Eg of 2D α-MoO3-x with 
respect to vac measured using Tauc analysis and PESA (Figure 6.12e). b) Tauc plot of 
2D MoO3-x at 5 h of solar light irradiation. The inset is the extrapolated energy band 
diagram of 2D MoO3-x with respect to vac measured using Tauc analysis and PESA 
(Figure 6.12h). 
 
6.3.2 Fabrication and Characterization of FETs based on 2D Molybdenum Oxide 
Flakes  
Figure 6.16a-c show a schematic highlighting the fabrication process of FETs using inks 
of 2D molybdenum oxide flakes. Details are presented in the Experimental Section. 
From the examples shown in Figure 6.16d,e, the drop-casted thin films all have smooth 
surfaces and are formed by horizontally interconnected 2D molybdenum oxide flakes. 
Within the FET channels, the 2D nanoflakes are horizontally re-stacked on the top of 
each other as evidenced by both cross-sectional scanning electron microscopy (SEM) 
and scanning probe microscopy (SPM). These data confirm that the FET channels are 
made of true 2D components. 
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Figure  6.16. Fabrication of FETs based on 2D molybdenum oxide flakes. (a, b) 
Illustration of the fabrication steps of a FET based on 2D molybdenum oxide flakes. (c) 
The configuration diagram of the electrical connections of a FET. (d) Cross-sectional 
SEM image and (e) cross-sectional SPM image revealing that the FET channel is made 
of orderly re-stacked 2D molybdenum oxide flakes in a planar manner. 
 
The PhD candidate characterized the FETs using a semiconductor parameter analyzer 
and shielded probe station at RT. A back gate voltage was applied to the silicon 
substrate and the two electrodes act as drain and source terminals (Figure 6.16c). I-V 
curves of the FETs based on 2D molybdenum oxide flakes of different x are illustrated 
in Figure 6.17. The drain-source current (ISD) vs. applied gate voltage (VG) from −10 to 
1 V are extracted from Figure 6.17 and presented in Figure 6.18a. 
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Figure  6.17. I-V curves for FETs made from different sub-stoichiometric levels (x) of 
MoO3-x for applied gate bias voltages ranged from 10 to 1V. 
Chapter 6: High Performance Field Effect Transistors using Electronic Inks of Two-
Dimensional Molybdenum Oxide Nanoflakes 
154 
 
 
Figure  6.18. Electrical characteristics of FETs based on films of 2D molybdenum oxide 
flakes for different sub-stoichiometric levels (x). (a) Current vs applied gate bias for the 
FETs with different x values and (b) corresponding IOn/IOff ratios for the FETs. The inset 
is the IOn and IOff with respect to x values. (c) Corresponding transconductance (ࢍ࢓) of 
the FETs and (d) the total calculated charge carrier mobility according to Matthiessen's 
rule and experimental effective mobility as a function of N at RT. 
 
For all devices, their ISD are enhanced with the increase of the applied gate voltages. 
They are typical characteristics of channel FETs and confirm the semiconducting 
character of the 2D molybdenum oxide flakes regardless of their x values [10]. It is 
found that ISD enhances when x increases from 0.025 to 0.042. However, for the FET 
devices made of flakes with x > 0.063 the ISD dramatically decrease and eventually drop 
much below the initial value at x = 0.125. 
Figure 6.18b shows the IOn/IOff ratio as a function of x. The highest IOn/IOff ratio is 
~3.0105 for FETs made of flakes of x = 0.042. However, the ratio is significantly 
reduced to ~1.2102 at x = 0.125 (Table 6.3).  
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Table 6.3. Summary of electrical characteristics of FETs based on 2D molybdenum 
oxides of different sub-stoichiometric levels (x). 
Device with x IOn/ IOff ratio 
 
݃௠ (µS) 
 
 
µFE (cm2 V-1 s-1) 
 
0 4.5  102 0.083 14.5 
0.025 9.4  103 0.283 49.4 
0.032 3.2  104 0.683 119 
0.035 3.8  104 2.70 471 
0.042 3.0  105 3.45 600 
0.063 3.8  103 1.85 323 
0.084 1.6  102 0.268 46.8 
0.125 1.2  102 0.143 25.0 
As previously discussed, a combination of the optimum barrier contact and electron 
concentration contributes to the optimum IOn/IOff ratio of the FETs made of 2D flakes 
with x = 0.042. Considering that an IOn/IOff ratios greater than 104 are acceptable for 
establishing functional FETs [84], here, the obtained ratios for many of the x values are 
industrially plausible. The introduction of the oxygen vacancies produces a defect state 
nearly 1.28 eV below the EF. Given the heavy doping of the materials, they may behave 
like degenerate semiconductors with the EF very close to the CBM. In such a case, the 
PhD candidate may view the system as possessing a small quasi-bandgap that can be 
readily turned off at low gate voltages. This can also be another reason that contributes 
to the large IOn/IOff ratio of the optimum semiconducting effect obtained at x = 0.042. 
The transconductance (݃௠) of the FETs at VSD = 100 mV is extracted and calculated 
from their I-V characteristics using [240]: 
																																																			݃௠ ൌ ୢ୍౏ీ		ୢ୚ృ																																																																						(6.1) 
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The corresponding carrier field effect mobilities (µFE) are determined using (3) and 
shown in Table 6.3: 
                                         µFE	ൌ 	 ௅ௐ஼೔୚౏ీ				 ൈ 	݃௠                                                     (6.2) 
where L and W are the channel length and width, respectively. Ci is 1.91 × 10−8 F cm−2 
which is the capacitance per unit area between the channel and the back gate [88]. The 
calculated ݃௠ and the measured µFE are presented in Figure 6.18c,d and Table 6.3. The 
highest value of ݃௠ and µFE were ~3.45 µS and ~600 cm2 V−1 s−1, respectively, for the 
device of x = 0.042 (30 min irradiation), while the device of x = 0 (initial sample) had 
the lowest ݃௠ of ~0.083 µS and µFE of ~14.5 cm2 V−1 s−1. Interestingly, the value of µFE 
for the FETs of x = 0.042 is significantly higher than the mobility of most of thin film 
transistors based on typical mono- or few-layered TMDs [2, 87, 89, 90, 94, 241].  
The optimal µFE that occurs for the device at x = 0.042 corresponds to 
Mo5+/Mo6+ = 0.083, coinciding orthorhombic to monoclinic phase change, which 
possibly results in gaining optimal semiconducting properties at this sub-stoichiometry. 
It is worthwhile to define a virtual free carrier mobility per flake by considering the 
average number of flakes in thickness (from Figure 6.16d,e, it is ~95 layer in a 850 nm 
thick channel and MoO3 relative (static) dielectric constant of 35)[10] that is equal to 
~6 cm2 V−1 s−1 per flake. This value is still a remarkably large, taking into account that 
the high electron scattering occurs at the flake boundaries. The effect of the drop casted 
film thickness on the performance of FETs is also investigated (Figure 6.19). 
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Figure  6.19. (a) Cross-sectional SEM image of a film made of 2D molybdenum oxide 
flakes (x = 0.063) with the thickness of 1.2 µm. Its corresponding electrical 
characteristics: (b) The I-V curve of the device and (c) current vs applied gate bias of the 
device. 
In order to investigate the relation between thickness of the film made of 2D flakes 
and performance of the device, a sample with the thickness of ~1.2 µm and a sub-
stoichiometric level of x = 0.063 is chosen as the counterpart. For this sample the 
measured µFE,	݃௠	and IOn/IOff ratio, are 15.7 cm2 V-1 s-1, 0.1 µS and 8.1  104, 
respectively. By comparing these values with the device of similar sub-stoichiometry 
reported in the manuscript (323 cm2 V-1s-1, 1.85 µS and 3.8  103) and smaller thickness 
(~850 nm), the µFE and ݃௠	are reduced dramatically, which is similar to the trend 
observed in the printed graphene and some 2D materials based FETs [86, 109, 198]. 
This is possibly due to less effective field effect modulation exhibited by thicker film 
[86, 109]. However, the off-state leakage current is less for the device made of the 
thicker film, which is resulted in a higher IOn/IOff ratio. 
The µFE of 2D MoO3-x flake based FETs was assessed as a function of N (Figure 
6.20). The assessed µFE and the theoretical µTotal (Matthiessen's rule) values of carrier 
mobilites are presented in Figure 6.18d and Figure 6.20. 
The electron mobility is limited by the ionized charge scattering due to doped 
electron charges (remote donors) in the depletion layer and is given by [242]: 
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                                           (6.3) 
where ߝ௦ is the relative static dielectric constants of the semiconductor (ߝ௦	= 35	ߝ௢	F m-1) 
[243], ћ is the reduced Planck constant, e is the electron charge, m* is the electron 
effective mass (m* = 0.2m₀ = 1.82 10-31 kg) [136], ݊ଶ஽ is the 2D sheet carrier density 
(݊ଶ஽ = Nd ) and N is the free electron concentration, Zo is the width of the quantum 
well (Zo = 1.2310-10 m) [10], and d is the width of doped depletion layer (d = 1510-
9m) [244]. The screening constant So is given by: 
																																																S୭ ൌ 	௘
మ	୫∗	
ଶ஠ఌೞћమ		.                                              (6.4)                 
The lattice vibration scattering mobility in terms of acoustic deformation potential 
scattering is given by [245]: 
                           µAD ൌ ቀሺ	గଷ	ሻ
భ
యቁ 	௘ћయ	஼భ	
ሺ୫∗ሻమ	ሺ୉ౚ	ሻమ୏ా୘	ே
భ
య
		,                                     (6.5)                 
where C1 is the elasticity modulus (C1 = 3.11010  N/m2) [152].  
The electron mobility related optical phonon scattering is given by [246]: 
                          µOP 	ൌ ఌ೚೛௞೚ћ
మ	
ଶ	஠௘ఠ೚೛୫∗మே೑ୋሺ௞೚ሻ ቀ1 ൅
ଵିୣ୶୮ሺି௬ሻ
௬ ቁ ,                                       (6.6)                 
                                     ݕ ൌ ஠ћమ	௡మವ୫∗୏ా୘ 	 ,                                                                 (6.7)                 
																																		݇௢ ൌ ටଶ୫
∗ఠ೚೛
ћ    ,                                                               (6.8)                 
																															ε௢௣ ൌ ሾ1/ߝஶ െ 1/ߝୱሿିଵ,                                                          (6.9)                 
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where ߱௢௣	is longitudinal optical phonon angular frequency (߱௢௣	= 3.431015 rad.s-1) 
[184], and 	ߝஶ	is the dielectric constant at high frequencies (ߝஶ	= 20 ߝ௢	F m-1) [136].   
In equation (6.6), G(݇௢) is calculated using the variation electron wave function and it 
is given by: 
                            Gሺ݇௢ሻ ൌ ௕൫଼௕
మାଽ௞೚௕ାଷ௞೚మ൯
଼ሺ௞೚ା௕ሻయ   ,                                                   (6.10)                 
in which	 ௙ܰ is the phonon Planck distribution function (Bose-Einstein function) and it is 
given by: 
																																			 ௙ܰ ൌ ଵ
൤ୣ୶୮൬ћഘ೚೛ేా౐ ൰൨
షభ   ,                                                          (6.11)                 
where the variation parameter b is given by: 
                                              ܾ ൌ ቀଷଷ஠୫∗௘మ	௡మವଶ௞೚ћమ	 ቁ
ଵ/ଷ
.                                                       (6.12)        
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Figure  6.20. The total calculated mobility of 2D molybdenum oxide as a function of N 
at 300 K related to acoustic deformation potential scattering, optical phonon scattering 
and ionized charge scattering as well as the experimental mobility. The total calculated 
mobility is the inverse mobility for all scattering according to Matthiessen's rule as:   
µTotal-1 = µI-1 + µAD-1 + µOP-1 (red dash line).  
 
The trend of µFE can be explained by various electron scattering mechanisms. It is 
found that for x < 0.042 the main limiting factor for µFE is the ionized charged scattering 
effect (Coulomb scattering) [247]. As discussed in the introduction, MoO3-x with its 
large relative (static) dielectric constant screens the Coulomb charges [10, 136]. This 
reduces ionized charge scattering effect and produces remarkable free charge carrier 
mobility in the FET channels. Subsequently, at x = 0.042 and x = 0.063 both ionized 
charge scattering and acoustic deformation potential scattering become the dominant 
effects. For the 2D flakes with x > 0.063, optical phonon scattering becomes the 
governing effect [247, 248]. It should be noted that the charge carrier mobilities of some 
highly crystalline materials are reported to be larger than their polycrystalline 
counterparts due to the reduction of structural defect densities when their mobilities are 
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limited by phonon scattering [249, 250]. However, in the case of 2D MoO3-x, its 
mobility is mainly limited by ionized charge scattering when x < 0.042 according to the 
calculation shown in Figure 6.20. The solar light irradiated flakes with lower 
crystallinity exhibit much more enhanced free electron concentration (N) due to the 
generation of oxygen vacancies and hence, the mobility is increased compared to that of 
initial highly crystalline flakes, which is similar to the cases of some other 2D systems 
[247, 251]. 
It is important to emphasize that the 2D flakes forming the thin films are re-stacked 
horizontally; potentially helping the planar conduction of free charge carries within the 
FET channels, hence enhancing the mobility. From Figure 6.18d, it can be seen that the 
measured µFE is still almost an order of magnitude smaller than the calculated µTotal, 
which may be the result of significant grain boundary scattering (µGB) existing between 
the interconnected flakes and the fact that the flakes’ edges are not seamlessly 
connected, which also induces contact resistance due to their relatively small lateral 
dimensions (~100-200 nm) [252]. Moreover, the decrease in µFE for x > 0.063 is much 
larger than the calculated trend, implying an increased effect of µGB as the flake sizes 
are dramatically reduced to below 100 nm. It is also possible that more defects, which 
act as charge traps, are formed when 2D MoO3-x flakes become highly sub-
stoichiometric [253].  
6.4 Summary 
In this chapter, the PhD candidate presented her investigations on the development of 
electronic inks based on 2D MoO3-x nanoflakes obtained by a LPE method, for which 
the sub-stoichiometric and Fermi levels as well as free electron concentration could be 
manipulated in a highly controllable manner by varying the light irradiation duration. 
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FETs were fabricated using these inks by a drop-casting process, forming films made of 
layers of horizontally re-stacked 2D flakes. By investigating the performances of the 
FETs as a function of x under different solar irradiation time, it is found that the device 
irradiated within 30 min (x = 0.042) reached the highest charge carrier mobility of 
~600 cm2 V−1 s−1 with an IOn/IOff ratio of ~3.0105. Moreover, the electron mobility of 
molybdenum oxides is promising for many applications in electronics. The electron 
mobility of this material reaches ~600 cm2 V−1 s−1, which is comparable to typical 
silicon-based devices [86, 93]. A gap state appears in the bandgap of MoO3-x was 
demonstrated, which contributed to the semiconducting behavior of the flakes.  The 
horizontal re-stacking of the flakes and the confinement of the electric field lines by a 
high dielectric medium of MoO3-x also contributed to the high free carrier charge 
mobility.   
In the next chapter, the PhD candidate will present her conclusions and 
recommendations for future work. 
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Chapter 7 : Conclusion and Future Work 
 
7.1 Concluding remarks 
In this project, the PhD candidate became involved in the development of electronic 
and optical systems based on two-dimensional (2D) α-MoO3 nanoflakes obtained using 
solvent-assisted grinding and sonication liquid-phase exfoliation (LPE) method.  
In the course of carrying out this research, the candidate investigated and critically 
assessed numerous literatures on 2D semiconductor metal oxides. In this critical review 
and analysis, the candidate chose to focus on 2D α-MoO3 nanoflakes that offer a 
layered structure. This unique metal oxide was selected due to the fact that it naturally 
provides a suitable pathway for the diffusion of ionic species in and out of its stratified 
crystal, has high surface to volume ratio, and its continuous planes also enable the 
facile passage of the free charge carriers. These were important factors for creating 
efficient sensors with fast responses. 2D α-MoO3 was demonstrated as a highly gas 
sensitive metal oxide material with high reactivity upon hydrogen (H2) gas exposure.  
As previously justified in this PhD thesis, the candidate chose the LPE method since 
it produce highly dispersed 2D α-MoO3 flakes with engineered dimensions in partly 
aqueous media, and also in a number of other organic solvents, that enable tuning in the 
optical and electronic properties of the 2D flakes. The candidate demonstrated that she 
could more efficiently control the synthesis and stoichiometry of layered structure of α-
MoO3 nanoflakes during the LPE process.  
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In the second stage, the PhD candidate first focused on tuning plasmonic properties 
of the reduced 2D molybdenum oxide nanoflakes via solar light irradiation in aqueous 
media. It was shown that in these reduced nanoflakes, the 2D configuration generates a 
large depolarization factor and this together with the possibility of ultra-doping, 
enabled the realization of visible light plasmon resonance. Next, the candidate 
investigated the plasmon properties by fixing the solar light exposure duration and 
varying the solvent mixtures. The candidate showed that it is possible to tune the 
plasmon resonance peaks by changing the solvent types. 
The PhD candidate for the first time presented the idea of intercalating H+ ions from 
H2 gas molecule interactions with 2D α-MoO3 nanoflakes and as a result, these 2D 
flakes were transformed into sub-stoichiometric quasi-metallic flakes. The candidate 
used these 2D molybdenum oxide quasi-metallic nanoflakes to develop a highly 
sensitive plasmonic gas sensing platform. The candidate showed that the interactions 
with H2 could efficiently modulate the quasi-metallic flakes’ transparency. Hence, the 
system could be used as a plasmonic gas sensor. 
The PhD candidate then extended her PhD research by developing field effect 
transistors (FETs) based on 2D channels consisting of thin films made of electronic 
inks of 2D α-MoO3 nanoflake dispersions with highly controllable sub-stoichiometric 
levels. The stoichiometry’s of the 2D FET channels were engineered using solar light 
irradiation at different time intervals in aqueous media where the candidate successfully 
demonstrated high performance FETs in terms of large transconductance and 
remarkable electron mobility and current IOn/IOff ratios. 
The candidate divided her investigations into five stages. The major findings of each 
stage are summarized as follows: 
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7.1.1 Stage 1 
In the first stage, the candidate demonstrated a synthesis process of 2D α-MoO3 
nanoflakes in aqueous solution using a high-yield sonication-assisted exfoliation 
technique. The grinding and sonication process resulted in thin 2D layered structure of 
MoO3 nanoflakes with a flake thickness in the order of 1.4 nm. 
Both MoO3/glass and MoO3/Si sensors towards H2 gas at different concentrations in 
synthetic air were demonstrated and it was found that the optimum operating 
temperature was 200 °C for both sensors. It was found also that that optimum 
response/recovery time was obtained for the device of 2D α-MoO3 nanoflakes on Si 
substrate with a ~50% response factor value towards 1% of H2 gas, at the response and 
recovery time of 7 s and 24 s, respectively. 
7.1.2 Stage 2 
In the second stage, the PhD candidate sought to investigate the effect of controlling 
oxygen vacancies in molybdenum flakes using a facile solar light driven process. The 
candidate demonstrated that active tuning of the plasmonic responses in 2D 
molybdenum oxide nanoflakes was possible based on changing the light exposure 
duration. 
It was found that the optical properties of 2D molybdenum oxide nanoflakes can be 
altered by solar light and its plasmon resonances can be tuned in the visible regions. 
The candidate demonstrated that after 5 h of exposure to light, the 2D α-MoO3 flakes 
were reduced from a semiconductor to semi-metallic phase due to the increase of 
oxygen vacancies and showed a strong plasmon peak in terms of intensity. The size of 
these flakes was also reduced by 30% in this process.  
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The PhD candidate analyzed the flakes and confirmed that the theoretical 
calculations using Mie-Gans theory of the plasmon peak locations were in a good 
agreement with the measured numbers. Eventually the candidate showed that the 
developed plasmon system could be implemented for biosensing using bovine serum 
albumin (BSA) by quenching the plasmon peak in response to non-specific binding of 
this model protein. 
7.1.3 Stage 3 
In this stage, the PhD candidate for the first time synthesized 2D molybdenum oxide 
nanoflakes via grinding-assisted sonication LPE method in five different mixtures. The 
samples were exposed to solar light for a fixed duration and power intensity. This 
research revealed that two plasmon resonance peaks associated with the thickness and 
the lateral dimension axes were observable in the samples, in which the plasmonic peak 
positions could be tuned by the choice of the solvent in exfoliating 2D molybdenum 
oxide. In addition, the extinction coefficients of the plasmonic absorption bands of 2D 
molybdenum oxide nanoflakes in all samples were found to be very high ε > 109 L.mol-
1.cm-1 for both thickness and lateral dimension axes, because the plasmon is strongly 
dependent on the free electron concentration rather than aspect ratio of the flakes. The 
PhD candidate also investigated the performances of 2D molybdenum oxide nanoflakes 
in five solvent/water mixtures for the plasmonic biosensing, in which BSA was used as 
a representative protein target. 
7.1.4 Stage 4 
In this stage, the PhD candidate postulated that the quasi-metallic reduced 2D 
molybdenum oxide could potentially be used as plasmonic optical gas sensing system 
due to its intercalation capability. Hence, for the first time, she developed plasmonic 
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optical gas sensing devices based on quasi-metallic Mo4O11 nanoflakes films. The 
plasmonic sensors were tested in room temperature and in elevated temperatures of up 
to 100 °C towards H2 concentration of 10,000 ppm with in the visible light range. It 
was found that the best wavelength for the dynamic response towards different 
concentrations of H2 gas was at 750 nm. The 2D plasmonic sensor showed that the 
highest response factor of 20% at 60 °C and the shortest response/recovery time at 
100 °C. 
7.1.5 Stage 5 
In the final stage, the PhD candidate fabricated FETs based on 2D MoO3-x nanoflakes 
inks by a drop-casting process. The candidate investigated the performances of FETs as 
a function of sub-stoichiometric levels (x) under different solar irradiation time, and 
found that the device irradiated within 30 min (x = 0.042) reached the highest charge 
carrier mobility of ~600 cm2 V−1 s−1 with an IOn/IOff ratio of ~3.0105. The candidate 
also demonstrated a new defect state appeared at 1.28 eV below the Fermi level in the 
bandgap of sub-stoichiometric 2D molybdenum oxide, which contributed to a semi-
metallic behavior of the flakes. The outcomes suggest that these novel 2D 
semiconducting devices offer great opportunities for future high-performance printed 
nanoelectronic and optoelectronic devices. 
7.2 Journal publications 
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7.4 Recommendations for Future Work 
Significant advancements in the field of gas sensing, development of plasmonic 
materials and FETs have been achieved during the course of this PhD project. However 
the PhD candidate has identified further other opportunities for expanding this research. 
In alignment with those presented in this thesis, the PhD candidate recommended the 
following as future work: 
The sensing devices based on 2D α-MoO3 nanoflakes presented in Chapter 2 have 
been investigated towards different concentrations of H2 gas in synthetic air. However, 
it is worth investigating the sensing performance for different hydrogen containing gas 
and vapor types such as C2H5OH and CH4. 
It has been demonstrated in Chapter 3 that the generated plasmon resonances in 2D 
molybdenum oxide nanoflakes can be tuned by controlling the doping levels and lateral 
dimensions of the flakes upon solar light irradiation. It would be useful to investigate 
the plasmon resonances tunabilty in other 2D materials upon solar light irradiation in 
order to explore their optical properties.  
As presented in Chapter 4, the PhD candidate investigated the plasmonic properties 
of 2D molybdenum oxide nanoflakes by fixed solar light exposure duration and in 
different solvent/water mixtures for biosensing applications. It is certainly beneficial to 
investigate and to extend the plasmonic applications of 2D molybdenum oxide based in 
different solvents upon solar light irradiation for therapeutics and drug delivery 
applications.  
It has been demonstrated in Chapter 5 that the quasi-metallic Mo4O11 nanoflakes 
films showed remarkable plasmonic sensing performance in the presence of reducing 
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gas varieties of H2 where MoO2 was produced in specific conditions. Consequently, it 
is suggested to explore other methods to obtain MoO2 from 2D MoO3 and fabricate 
optical components based on MoO2. Furthermore, the optical gas sensor of the quasi-
metallic Mo4O11 films which was presented in Chapter 5 have incorporated a thin 
catalyst layer of Au/Pd to facilitate H2 gas dissociation onto the sensitive layers. The 
selectivity for various gases can be tuned by adjusting the stoichiometry of the films. 
The outcomes of this investigation can be potentially used for developing gas sensors 
with multi-gas detection abilities. Different types of catalysts can be created from such 
combinations for future investigations. In addition, it is worth investigating and 
studying other properties of 2D molybdenum oxide nanoflakes after the exposure to 
solar light irradiation such as magnetic and electromagnetic properties for future 
research in electronic, optical and biosensing devices.  
As presented in Chapter 6, the PhD candidate produced electronic inks made of 2D 
MoO3-x flakes and used them for developing FET channels with extraordinary electron 
mobility and IOn/IOff ratio. Therefore, it is suggested that future research explore the 
performance of FETs made of electron inks with other 2D materials especially 2D 
metal oxides.  Finally, it would be useful to investigate the performance of FETs with 
2D MoO3-x flakes at cryogenic temperatures (<10 Kelvin (K)) using liquid helium for 
cooling, in order to fully explore the electron charge transport behavior.  
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